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A b s t r a c t  
 
The cell membrane is a highly complex structure consisting of a large diversity 
of phospholipids and macromolecules. There exist a variety of diseases that 
compromise the integrity of this key component of the cell. This thesis considers the 
investigation of interactions between β-amyloid peptide (Aβ42) and lipid bilayers. To 
facilitate understanding of this complex system, it is advantageous to employ a 
model sample; supported lipid bilayers (SLB) and giant multilamellar vesicles 
(MLVs) are used as proxy cell membranes. These nanostructures are widely used as 
models of cellular membranes in many areas of scientific research. Phospholipid 
molecules self-organise into bilayer structures containing phase-separated 
microdomains, which are believed to be important in many biological processes.  
This study aims to develop model systems and experimental tools to explore 
hypothetical mechanisms through which the β-amyloid interacts with the lipid 
membranes. A lack of mechanistic understanding is the major challenge to our 
efforts to elucidate not only the interactions of the Aβ42 with the lipid membranes, 
but also the behaviour of these systems towards the changes of the environmental 
conditions (pH, concentration, temperature). 
Our results suggest that there are various different methods, such as AFM, 
CARS microscopy and Raman spectroscopy as well as neutron scattering that are 
capable of fast imaging. Overall, all these techniques contributed in a complementary 
study of Aβ42 aggregation states under extreme and physiological conditions as well 
as to image Aβ42 interactions with lipid bilayers consisted of specific lipids. 
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Lay S u m m a r y  
Our study focuses on a specific protein fragment, called β-amyloid (Aβ) that 
forms toxic clumps and damages the brain. This amyloid is found in sticky deposits 
called amyloid plaques that build up in brain. The amyloid plaques affect the normal 
communication between nerve cells and can lead to memory or learning deficits. The 
plaques are made of long fibres of Aβ. Recent studies, however, have suggested that 
the real culprit behind the brain disease may be small Aβ clumps, called oligomers, 
which appear in the brain before plaques develop. In unraveling oligomers’ structure 
scientists have discovered that Aβ has a completely different morphology in 
oligomers than in amyloid plaques. 
The most current research on this disease focuses on a 42 amino acid-long 
fragment called Aβ42. Our study aims to study the various organisations of Aβ42 as 
well as its interactions with the barriers of the cell: the lipid membrane. Instead of 
cells, we developed mimics of the lipid membrane − either flat (supported lipid 
bilayers) or spherical (multi-lamellar vesicles) − using two different methods. 
The tools we used in order to reveal structures in the micro- but also in the 
nano-scale are advanced microscopy techniques that have been proven to be valuable 
to the elucidation of biological problems, as they have high resolution, chemical 
specificity, and ensure the biological integrity. We developed and used laser-based 
microscopy and spectroscopy techniques that were capable of revealing structures in 
the micro-scale as well as able to identify chemical molecules and bonds. In addition, 
we exploited another laser-based tool that was capable of imaging structures in the 
nano-scale. Finally, a neutron scattering technique was employed in order to reveal 
Aβ42 insertion in the lipid bilayer. Various shapes of Aβ42 were revealed under 
varying chemical conditions, with its effects on the lipid membranes of specific 
content being imaged. 
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Aβ  : β - Amyloid peptide 
Aβ42       : β - Amyloid peptide 1-42 aminoacids  
(The numbering indicates the last C-terminal amino-acid residue and the number of 
amino acids comprising the peptide. In case of a short fragment, e.g.: Aβ(25-35)) 
AD :  Alzheimer’s Disease 
ADDL :  Amyloid derived diffusible ligands 
AFM :  Atomic Force Microscopy 
APP       :  Amyloid precursor protein 
APF :  Amyloid protofibril 
CARS       :  Coherent Anti-Stokes Raman Scattering 
CD       :  Circular Dichroism 
DMSO       :  Dimethylsulfoxide 
DOPC       :  1,2-dioleoyl-sn-glycero-3-phosphocholine  
DOPG       :  1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)  
DPPC       :  1,2-dipalmitoyl-sn-glycero-3-phosphocholine  
D62PPC    :      1,2-dipalmitoyl(d62)-sn-glycero-3-phosphocholine  
EM       :  Electron Microscopy 
FRET       :  Fluorescence Resonance Energy Transfer 
FTIR       :  Fourier Transform Infrared Spectroscopy 
GUV       :  Giant Unilamellar Vesicle 
GNA       :  Granular Non-fibrillar Aggregates 
HFIP       :  Hexafluoroisopropanol 
IAPP       :  Islet Amyloid Polypeptide 
kDa       :  kilo Dalton, Da or unified atomic mass unit 
LD       :  Liquid disordered 
LO              :  Liquid ordered 
LUV       :  Large Unilamellar Vesicles 
MeOH       :  Methanol 
MoPrP       :  Mouse Prion Protein 
 ix 
PBS       :  Phosphate Buffered Saline 
PFOs       :  Pre-fibrillar Oligomers 
Phe       :  Phenol 
PolyQ       :  Polyglutamine 
POPC       : 1-palmitoyl-2-oleoyl-sn-glycero-3- phosphocholine  
POPS       : 1-palmitoyl-2-oleoyl-sn-glycero-3phospho-L-serine  
SANS       :  Small Angle Neutron Scattering 
SERS       :  Surface Enhanced Raman Spectroscopy 
SLB       :  Supported Lipid Bilayer 
SO          :  Solid ordered phase 
STM       :  Scanning Tunneling Microscopy 
SUV       :  Small Unilamellar Vesicles  
TBS       :  Tris Buffered Saline 
TEM :  Transmission Electron Microscopy 
TFA :  Trifluoroacetic acid 
TFE :  Trifluoroethanol  
ThT :  Thioflavin-T 
TPEF :  Two photon excitation fluorescence 
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1.1     INTRODUCTION 
 
Lipids and membranes play a potentially central role in the pathogenesis of 
amyloid diseases. Thus, there is increasing interest in the aggregation of 
amyloidogenic peptides and their interaction with membranes. Recent research has 
indicated that lipid binding of amyloidogenic peptides plays a major role in the onset 
and progression of amyloid diseases. Investigation in this field necessitates the use of 
varied biophysical techniques designed to reveal the characteristics and mechanisms 
of membrane-peptide interactions but also β-amyloid (Aβ) self-assembly under 
various conditions. This first chapter gives a brief review of the Aβ aggregation 
pathway and also a summary of experimental approaches employed to investigate the 
interaction of amyloid peptides or fibrillar species with lipid bilayers. We will 
discuss various model membrane assemblies, such as planar lipid bilayers or 
liposomes. There are a variety of biophysical techniques universally employed to 
elucidate features, mechanisms or biological significance of amyloid-membrane 
interaction. In addition, the choice of model system used to study peptide-membrane 
interaction demands consideration as their biological significance differs across the 
various models. The discussion of the techniques used in the field will include a 
sampling of representative publications. As yet there has been no direct association 
established between the biophysical studies in model systems and actual cellular or 
tissue environments. The issue of membrane interactions of amyloid peptides is 
inherently complex due to the simultaneous involvement of two main processes: 
membrane binding and peptide aggregation. Thus, special care should be taken 
during the application and interpretation of commonly used experimental techniques. 
 3 
1.2      THE β-AMYLOID (Aβ) PEPTIDE AND THE 
AGGREGATION PATHWAY: A BRIEF REVIEW 
 
The β-amyloid (Aβ) cascade hypothesis has dominated research for the past 
two decades both in academia and within the pharmaceutical sector. This hypothesis 
suggests that the deposition of Aβ peptide in the brain parenchyma is the central 
cause in Alzheimer’s disease (AD) pathology [7] initiating a sequence of events that 
lead to AD characterised by the development of sticky deposits called plaques.   
Monomeric Aβ peptide (molecular weight ~4kDa) is the product of cleavage 
of a precursor membrane protein, called amyloid precursor protein (APP), normally 
expressed in the organism, by the enzymes β- and γ-secretase [8]. The latter enzyme, 
γ-secretase, defines the heterogeneity of Aβ cleaving APP at different positions, 
resulting in the production of a variety of peptides of which Aβ43, Aβ42, Aβ38 and 
Aβ37 have been detected in cell culture and body fluids. The numbering indicates the 
last C-terminal amino-acid residue and the number of amino acids comprising the 
peptide. Aβ is a heterogeneous mixture of peptides, each with different solubility, 
stability and potential to disrupt biological processes [9].  
Between the monomeric Aβ and the Aβ fibrils in the plaques, intermediate 
species such as soluble oligomers exist and they are suggested to be the cause of 
neurotoxicity observed in various experiments. However, it is not clear from the 
literature which of the Aβ oligomeric species identified contributes to the 
pathogenesis of AD. It is also possible that several of the observed species have 
similar properties. The lack of a common agreement upon experimental description 
of the toxic Aβ oligomeric species makes direct comparison and interpretation of data 
between different research groups challenging.  
The initial events of the aggregation process are called the nucleation phase. 
During the nucleation phase, Aβ monomers assemble and form different types of 
non-fibrillar oligomeric species, such as dimers, trimers or globular combinations 
consisting of tens of monomers and pre-fibrillar types through which large oligomers 
combine to form fibrils. Nowadays it is believed that the toxic species of the Aβ 
peptide originate from these oligomeric species [7, 10, 11], consequently research 
interest has moved from fibrils to oligomers. The amyloid aggregates are inherently 
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meta-stable; thus, it is often difficult to characterise them and to clarify the 
association of their structure with possible toxicity mechanisms (section 1.4).  
The literature can be divided into two concepts regarding the oligomeric 
identification and characterisation: in vitro and ex vivo. The strongest support 
concerning the potential role of soluble Aβ species in AD arises from experiments on 
human brain tissues recovered post-mortem. Several researchers have proposed that 
the various forms of Aβ species can be generated by different techniques used to 
isolate them from brain tissue, e.g.: extracted from affected brain tissue using saline 
buffers [10, 11]. The following scheme summarises the natural but also synthetic Aβ 
assemblies as well as their possible interconversions based on the pathways 
described in the literature (see Benilova et al.[9] and references therein). 












Figure 1.1: Scheme of interconversion between natural and synthetic Aβ assemblies based on 
pathways described in the literature. Aβ monomers, oligomers and fibrils coexist and are sensitive to 
various external factors. Parts of these oligomeric populations lead to fibrillogenesis and others do 
not. Despite the differences in stability, size, structure and concentration, all oligomers may 
contribute to Aβ toxicity. Image taken from Benilova et al.[9]. 
 
The major soluble Aβ species and some of the deleterious effects associated 
with them are: Aβ-derived diffusible ligands (ADDL). These are small globular 
structures measured at 20−40 nm in diameter in atomic force microscopy (AFM) and 
transmission electron microscopy (TEM) images [7] or 2−5 nm in height according 
to ex vivo experiments [12-14]. They are not thought to be a part of the pathway 
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leading to fibrils, but at micromolar concentration can cause cytotoxicity in primary 
neurons [14] and cognitive impairment in mice [12].  
The Aβ*56 is a 56kDa dodecamer (12-mer) of Aβ globular assemblies 2−5nm 
in height, the extracellular accumulation of which has not shown any cytotoxicity but 
has been shown to cause cognitive impairment in rats when at micromolar 
concentration [15, 16]. Aβ oligomers (AβO) [17-19] are 15−20-mer spherical vesicles 
of 2−5 nm in size and are implicated in cytotoxicity in human neuronal cultures at 
micromolar concentration [17].  
Aβ42 and Aβ40 synthetic oligomers [20] are β-sheet-enriched on-pathway 
species and cause cytotoxicity in primary neurons at micromolar concentration. 
According to Kuperstein et al. [20] small alterations to the Aβ42:Aβ40 ratio have a 
considerable effect on the biophysical and biological properties of the Aβ mixtures 
reflected in their aggregation kinetics, the morphology of the resulting amyloid 
fibrils and synaptic function tested both in vivo and in vitro. A slight increase in the 
Aβ42:Aβ40 ratio balances toxic oligomeric species with intermediate conformations.  
Transgluminase (TG2)-induced oligomers are proposed by Hartley et al.[21] 
to lead to the formation of Aβ assemblies that inhibit processes involved in memory 
and learning. These oligomers do not seem to have any secondary structure and are 
not found on the pathway leading to fibrils. Other species are the double-cysteine 
mutant Aβ42cc protofibrils, which are antiparallel β-sheet-based structures (known 
also as β-hairpins) stabilised by intramolecular disulfide bonds [22]. The 
interconversions species known as secreted soluble Aβ dimers and trimers, are 
produced by cell cultures [16, 23].  
Annular protofibrils (APF) represent a recent class of amyloid structures. 
They consist of Aβ42 oligomers assembled in six hexamers (36-mer) and in vitro they 
are hypothesised to destabilise ion homeostasis via pore formation (section 1.4.1). In 
vivo they are associated with diffuse plaques and cytotoxicity at micromolar 
concentration [24].  
Amylospheroids (ASPD) are 10−15nm spherical Aβ assemblies of ~330kDa 
in mass, while the most toxic ones are of ~128kDa (~32-mers) in mass [25, 26]. They 
can either be synthetic or brain-derived [27] (isolated from brains with AD) and are 
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not indicated as fibril precursors. Finally, protofibrils (PF) are intermediates in the 
path of fibrillogenesis of up to 150 nm in length and some 5 nm in width [7]. 
The following graph reveals the size comparison between natural and in 
vitro-generated Aβ oligomeric species, as reviewed by Benilova et al. [9] ADDLs 
include low n-mer Aβ species, and have comparable dimensions with Aβ*56 and 
AβO. Transgluminase has a broad range of Aβ oligomers but their size and structure 
have not been identified yet. The annular protofibrils seem to be the largest species in 











Figure 1.2: Size comparison in major natural and in vitro-generated Aβ oligomeric species. The 
ADDL (Aβ–derived diffusible ligand) preparation may involve the Aβ species known as low n-mers, 
Aβ*56 and AβO, all having similar size. Dimers and amylospheroids are both Alzheimer’s brain-
derived species. Transglutaminase TG2 generates a variety of Aβ oligomeric structures but to date 
their structure and size have not been identified. The annular protofibrils (APF) are the largest 
species in this comparison consisted of smaller blocks as mentioned before. Image taken from 
Benilova et al.[9]. 
 
These oligomeric species are not suggested to be static or stable but are in 
continuous dynamic equilibrium with monomers and Aβ aggregates; an equilibrium 
affected by the presence of different peptides, the peptide concentration, temperature, 
pH, salt, other proteins and lipids. The advantage of in vitro generation of Aβ 
oligomers lies in the precise control of the starting conditions; the peptides are pure 
and the buffer conditions are defined which makes them suitable for determining the 
conditions that can cause the toxic conformation of Aβ.  
However, there are still multiple challenges to face. An analysis of the Aβ42 in 
aqueous solution reflects a range of conformations rather than a distinct fold and 
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alterations in this mixture of conformations can determine the aggregation pathway 
[28]. Therefore, different aggregate forms with different biological effects have been 
generated by the same peptide [25, 29, 30]. Aβ oligomers may be metastable 
intermediate species on the pathway leading to an insoluble fibre (on-pathway 
species). Researchers propose that particular oligomers are off-pathway species that 
contain different secondary structures and do not further aggregate to amyloid fibres 
[9].  
The Aβ oligomeric species generated in vitro may be pathogenic; once their 
stability and growth rate become sensitive to disease-associated modifications, or 
when they can be correlated with a pathogenic disruption mechanism [31]. Although 
in vitro experiments are accused of demanding ‘nonphysiological’ concentrations in 
order to achieve transition from monomeric to oligomeric form, cell culture 
experiments have revealed that Aβ is likely to reach micromolar concentrations at 
acidic vesicles [32]. 
The following section describes some of the factors that affect the structure 


















1.3     FACTORS AFFECTING THE Aβ STRUCTURE AND 
AGGREGATION 
 
1.3.1 Pretreatment of Aβ peptides 
 
It has been observed that the preparation of Aβ has a considerable effect on 
the secondary structure of the peptide and, consequently, may change its assembly 
characteristics. The treatment of amyloidogenic peptides has been investigated and 
various treatment methods have been employed to achieve a homogenous, 
disaggregated and unstructured peptide. The most widely used solvent treatments to 
disaggregate the peptide are the trifluoroethanol (TFE) and hexafluoroisopropanol 
(HFIP). However, it has been suggested that HFIP promotes other kinds of 
intramolecular hydrogen bonds, such as turns and β-hairpins [33]. Traces of HFIP in 
an Aβ–lipid membrane system have been shown to induce membrane leakage [34]. 
Dimethylsulfoxide (DMSO) is also a commonly used treatment of Aβ , but also of 
other amyloid-forming peptides (β2-microglobulin), and has been shown to cause 
destruction of the hydrogen bonds in the amyloid fibrils [35]. However, recent 
protocols have included a critical step that overcomes residual solvents [36]. For our 
experiments, ammonium hydroxide (NH4OH) was used for the Aβ pretreatment, as 
recommended by Anaspec but also from previous studies [37, 38], even though they 
involved other peptide treatment methods too.  
 
1.3.2 Aβ interactions with solid surfaces 
 
Solid surfaces affect the assembly of amyloid-forming peptides. Adsorption 
of the peptide to the surface can promote fibrillisation. Surface charge, 
hydrophobicity and surface roughness, have all been shown to play a major role in 
affecting the amyloid aggregation. Surfaces may increase the local peptide 
concentration and alter the conformation of the peptide, resulting in the modification 
in their capacity for association [39]. Hydrophobic surfaces such as Teflon can act as 
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a mimic of the non-polar part of the lipid bilayer. Giacomelli et al. [40] have shown 
that at pH 7 Aβ40 adsorbs to the hydrophobic substrate as a result of the protein 
dehydration [41]. Teflon’s hydrophobic surface has been suggested to promote 
aggregation and fibril formation of Aβ40 and Aβ42 [40, 42]. Furthermore, adsorption 
of Aβ42, nucleation and controlled growth of fibrils have been observed on 
hydrophobic graphite substrate at pH 7.4 [43]. 
Hydrophilic silica has served as a mimic of the polar charged membrane 
adsorbing Aβ40 only when the peptide is positively charged at pH 4 and pH 7 [42]. 
This suggests that Aβ adsorption to hydrophilic surfaces is dictated by electrostatic 
interactions. The adsorption of Aβ42 is shown to occur quickly, in contrast to 
aggregation that requires a long timeframe [43]. 
Surfaces can also affect the fibril morphology. The fibrillisation of Aβ42 on 
hydrophilic mica surfaces resulted in the formation of pseudomicellar aggregates, 
while linear protofibrillar assemblies were formed at higher concentrations [43]. 
Uniform and elongated Aβ42 sheet oriented in three directions of 120° to each other, 
are formed on highly ordered pyrolytic graphite. This was suggested to be the result 
of hydrophobic interactions [43]. Further review on the assembly of amyloid fibrils 
on surfaces or in solution is provided in further detail by Gras et al. [44]. 
Another factor that influences the Aβ aggregation is the presence of sterols. 
The cholesterol content of the lipid bilayers may alter the Aβ insertion as cholesterol 
content >20% w/w induces a lipid phase transition from a liquid-disordered to liquid-
ordered phase, and the fragment Aβ(25-35) is suggested not to be capable of 










1.3.3 Aβ aggregates – disruption of membranes 
 
The phospholipid bilayer of cellular membranes provides an extensive 
surface for Aβ interactions and is one of the major cellular compartments that come 
in contact with Aβ. Plasma membranes are proposed to be one of the most likely 
targets for the cytotoxicity related to Aβ and, therefore, in the pathology of AD. The 
interactions between lipid membranes and Aβ have been studied using a variety of 
biophysical techniques that are further reviewed in section 1.5. 
Aβ oligomeric species and immature fibrils seem to show major toxicity [47]. 
The action of amyloids may be dependent on the various physicochemical 
parameters such as the pH of the medium, which has been indicated as a potentially 
important factor in neurodegenerative processes [48, 49] or the presence of 
biological membranes. 
Benseny-Cases et al. [50] have reported the formation of granular non-
fibrillar aggregates (GNAs) assembling at pH 5.5−6.5. GNAs are suggested to be an 
off-pathway aggregated Aβ species. Formation of the GNAs is thought to be 
associated with the negatively charged surface of model lipid vesicles, where a local 
surface pH below 6.5 can be reached for a bulk pH of 7.4 [51]. In this case the 
peptide caused the disruption of the membrane vesicular structure. The formation of 
Aβ40 and Aβ42 non-fibrillar aggregates has been previously correlated with pH [52] 
and the presence of metal ions [53], but they are not the main candidates as central 
factors in AD. 
The study of peptide-membrane interactions faces the influence of lipids on 
peptide conformation and aggregation but also the influence of peptide on membrane 
stability as two distinct topics. The following section focuses on the lipid bilayer 
disruption caused by the presence of the peptides. It reviews the proposed 
mechanisms taking part in membrane disruption during peptide-membrane 
interactions.  
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1.4     PEPTIDE-MEMBRANE INTERACTIONS; PROPOSED 
MECHANISMS FOR MEMBRANE DISRUPTION. 
 
Membranes can accelerate the transformation of the amyloid proteins into toxic 
species; in turn, amyloid proteins threaten the structural stability of the cellular 
membrane. This section focuses on the lipid bilayer disruption caused by the 
presence of the peptides. Studies performed on artificial lipid bilayers underline the 
similarity of the mechanisms of membrane disruption by the amyloid proteins to the 
pore-forming toxic proteins, and are reviewed by Butterfield et al.[54] 
Similarities have been observed between Aβ [55-57] and some other 
amyloidogenic proteins (Islet Amyloid Polypeptide (IAPP) [58-60], α-synuclein [61-
63]) during the conversion from an unfolded conformation into an α-helix upon 
membrane binding. This suggests that the membrane may possess a mediating role in 
misfolding and aggregation. Upon the initial binding to the membrane, the peptide is 
turned into β-sheet aggregates depending on the molar ratio of protein and lipid [55, 
64]. There are studies reporting that the increase of the lipid:peptide ratio, involving 
vesicles consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) POPC/PG or 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine and 1,2-dipalmitoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (sodium salt) DPPC/PG, leads to the conformational shift of the 
membrane-bound β-amyloid (Aβ40) from β-sheet to an α-helical structure [55]. These 
results could suggest a model correlating the relative molar ratio of lipid:peptide to 
the membrane bound conformation of the protein [55]. According to this mechanism, 
at a high lipid:peptide ratio, the adsorption of amyloid proteins to the lipid membrane 
surface eliminates the interactions between the proteins and blocks the fibrillisation. 
The Aβ conformational state that dominates is α-helical. In the case of a low 
lipid:peptide ratio close to a critical value, the high concentration of the protein on 
the lipid bilayer surface favours the protein-protein interactions and the 


























Figure 1.3: The mechanistic model of peptide-lipid bilayer interaction upon high and low lipid-to-
peptide molar ratios, as proposed by Wong et al.[55]. 
 
Consequently, membranes can either play the inhibitor’s role at high molar 
fractions of the lipid:protein ratio or accelerate fibrillogenesis at low or intermediate 
molar fractions of the lipid:protein ratio. This phenomenon has been observed for 
both Aβ40 [65] and IAPP [66] interacting with anionic lipid membranes and shows 
some similarities with previously reported perspectives of the interactions between 
antimicrobial peptides with lipid bilayers [67-69]. It has been reported that the 
presence of DOPC liposomes can dismantle Aβ42 fibrils and transform them into 
soluble species, reversing the fibrillogenesis process [70].  
The results mentioned so far are a rare effort to monitor the effect of the 
amyloid-forming proteins on the lipid bilayers, starting from already formed fibrils. 
They contradict a number of studies suggesting that the acceleration of fibril 
formation on a lipid bilayer surface starts from monomeric conformation of the 
peptide. Additional studies could shed some light on this effect and identify possible 
fibril clearance methods that come as a result. 
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The mechanisms of membrane disruption can vary depending on the protein 
type, and the bilayer composition, as well as the experimental conditions. The 
proposed models of membrane disruption are the following: 
1.4.1  The pore - forming model 
 
One of the proposed membrane disruption mechanisms is pore formation. This 
is despite there being a lot of research refuting the pore model and proposing that the 
prefibrillar structures do not completely insert into the lipid membrane, but attach on 
the surface where they induce membrane thinning and leakage [19, 71, 72]. Even 
though a pore model can be functional, it is possibly not a stable structure, but plays 
the role of an intermediate stage that initiates other processes, such as the detergent-
like membrane model [73-75]. This is the case for antimicrobial peptides and can be 
possibly related to the amyloidogenic proteins too [68, 69, 76]. 
According to the pore-forming model, the Aβ inserts in the lipid membrane of a 
cell, induces Ca2+ leakage, and destabilises the ionic homeostasis [77-79]. The ion 
channel activity that Aβ exhibited was also reported for other amyloid proteins such 
as α-synuclein [80, 81] and IAPP [82]. In this case, the toxicity of the proteins 
mentioned could be possibly related to their common ability to ‘form pores’ in the 
lipid bilayers and to promote ion leakage. This result is in accordance with one of the 
characteristic features of a variety of neurodegenerative diseases (AD, Parkinson’s 
disease) [83, 84]. Finally, the imaging of annular doughnut-like structures of 
oligomers by atomic force microscopy (AFM) and also electron microscopy (EM) 
agree on the pore-forming mechanism by globular oligomeric amyloids upon 
reconstitution in lipid membranes [77, 78, 85, 86]. 
 
1.4.2  The carpet-like model 
 
The carpet-like mechanism was first introduced to describe the action of 
antimicrobial peptides (dermaseptin S [87]). According to this model, lytic peptides 
bind onto the lipid surface of the membrane, covering it like a carpet. This carpet of 
peptides is in contact with the phospholipid headgroups thereby causing membrane 
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disruption [88]. This mechanism requires a high local peptide concentration on the 
lipid surface, either once the whole surface is covered by the peptide or there is an 
association between the membrane-bound peptides forming a local ‘carpet’ structure. 
A peptide that inserts into the lipid bilayer does not always transform its 
conformation, according to this mechanism. This mechanism is mainly driven by 
electrostatic interactions between the peptides and the lipid membrane. The carpet-
like model has been proposed for α-helical amphipathic peptides [88] and consists of 
four steps:  
i. The peptide monomers bind to the preferable phospholipid headgroup. The 
phospholipid headgroup charge and the peptide charge distribution dictate the 
target for membrane-lytic peptides [88]. 
ii. They align on the membrane surface with their hydrophilic part facing the 
phospholipid headgroups or the water molecules bound thereto. 
iii. The monomers rotate and reorientate the hydrophobic peptide part into the 
hydrophobic core of the lipid bilayer. 
iv. Above a certain threshold concentration, the bilayer surface is disrupted and 
finally disintegrated. 
 
1.4.3 The detergent effect mechanism 
 
This suggested permeation model is proposed to occur upon the binding of 
amyloidogenic peptides in a micelle-like form to the lipid bilayer. Bilayer disruption 
requires a high local peptide concentration on the membrane surface, either upon 
binding with the bilayer or after the complete coverage of the membrane surface 
[88].  
The initial steps of the mechanism are similar to the steps that take place during 
the carpet-like mechanism (i-iii). The detergent effect is a result of the surfactant-like 
characteristics of the peptide related to its amphiphilic nature. This surfactant-like 
effect causes a decrease in the bilayer surface tension and thereby removing lipid. 
This is hypothesised to cause membrane thinning, if it happens in the outer leaflet, or 
pores if the lipids are removed from both leaflets [58].  
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The actual mechanism to describe the action of amphiphilic amyloidogenic 
peptides may well be a combination of a number of the mechanisms mentioned 
above [89]. Each of the mechanisms may be a suitable description of membrane 
disruption at a specific stage of the membrane-peptide association or during the 
amyloid fibrillisation process. Consequently, any discussion concerning the toxicity 
mechanism should consider the peptide preparation (pre-treatment, buffer, pH) as 































Figure 1.4: a) Models of barrel-stave and toroidal pores. b) Two-dimensional representations of the 










1.5     VISUALISATION TECHNIQUES: STUDY OF Aβ 
AGGREGATION AND MEMBRANE - PEPTIDE 
INTERACTIONS 
 
1.5.1 Microscopy techniques 
 
Imaging methods such as fluorescence microscopy [90], electron microscopy 
[91] and atomic force microscopy [92] are capable of visualising biological 
phenomena, particularly amyloid peptide aggregates and membrane-peptide 
interactions. Microscopy experiments have provided some of the most compelling 
evidence for structural features of amyloid proteins, specifically the amyloid 
‘oligomeric pores’ [86, 93, 94]. 
AFM experiments have promoted the notion that membrane interactions of 
amyloid peptides and particularly the ‘pore or channel formation’ may constitute an 
important factor in pathogenesis of amyloid diseases. Lin et al. reported ion channels 
caused by Aβ42 peptide assemblies on planar lipid bilayers [77, 82]; AFM analysis 
demonstrated that non-fibrillar annular species of Aβ42 were absorbed by the bilayer 
and caused the formation of ion channels. AFM studies have also depicted the 
formation of Aβ42 fibrils in the presence of a lipid bilayer consisting of a 
physiological lipid mixture [95]. The different conclusions are likely to result from 
the difference in the sample preparation method; Lin et al. [77] prepared Aβ/lipid 
mixed vesicles which deposited on mica, whereby forming planar bilayers, in 
contrast to Yip et al. [95] who injected the peptide solution over preformed lipid 
bilayers. 
The application of AFM aims to assess lipid bilayer interactions with amyloid 
peptides other than Aβ and to trace the effect of the lipid membranes during the 
peptide fibrillation process [96]. AFM facilitates real-time kinetic analysis of both 
membrane disruption and peptide fibrillation due to its ability to image a surface 
submerged under solution. An AFM and TEM study depicted pore-like structures 
formed upon interaction of calcitonin with lipid bilayers [97]. Another study that was 
applied to investigate kinetics of amyloid fibril formation, as well as the effects of 
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the fibrillisation upon lipid surface properties was presented by Sharp et al. [98]. In 
particular, their analysis revealed a dependence of the insulin fibril morphologies and 
abundance upon the lipid monolayer surface charge. Time-lapse AFM experiments 
revealed the disruption of solid supported lipid bilayers by islet amyloid poly-peptide 
(IAPP) [99]. 
TEM imaging can contribute significantly to the studies of amyloid-
membrane interactions through its high resolution of visualising peptide-lipid 
assemblies. TEM has been used to image Aβ aggregates, both protofibrils and fibrils, 
absorbed within giant unilamellar lipid vesicles and, particularly, the fragmentation 
of the mature Aβ fibrils into spherical oligomers induced by the lipids [100]. 
Fluorescence microscopy techniques have been applied to study the effects of 
amyloid peptide binding on lipid assemblies such as cells or lipid vesicles [101]. 
Ambroggio et al. used fluorescence to visualise the lysis of giant unilamellar vesicles 
(GUVs) exposed to Aβ42 [102]. The lytic action of pore-forming antibiotic peptides 
on lipid vesicles, as well as the peptide distribution in the plane or across the 
membrane, has also been reported by fluorescence microscopy [103]. 
Total internal reflection fluorescence (TIRF) microscopy has been used to 
investigate Aβ42 binding to solid supported lipid bilayers [104]. TIRF is an interface 
sensitive imaging technique that probes fluorescence within ~100 nm of the surface; 
consequently, it readily detects peptide bound to the membrane. TIRF is capable of 
identifying peptide binding before the appearance of peptide aggregates. The 
accumulation of a fluorescently labelled Aβ42 peptide on a counter-stained lipid layer 
was detected after a few minutes of co-incubation [104]. It was further shown that 
the Aβ peptide was bound to lipid gel (section 2.4) domains rather than fluidic bilayer 
regions, revealing specific interactions of Aβ with rigid membrane domains, such as 
lipid rafts [105]. However, there is a possibility that the fluorescent residues attached 
on the peptide might influence the peptide-membrane interaction as well as the fibril 






1.5.2 Fluorescence spectroscopy techniques 
 
Fluorescence spectroscopy is another tool for studying membrane properties 
and interactions of biological molecules with membranes. Fluorescence emission of 
the fibril-bound dye thioflavin-T (ThT) has been one of the most common tools for 
detecting and studying fibrillisation kinetics of amyloid peptides and proteins [106, 
107]. A variety of fluorescence studies focusing on amyloid-membrane interactions 
are based on the staining of the membrane, or of the amyloidogenic peptide with 
fluorescent dyes. However, fluorescent tags might interfere with the molecular 
dynamics of the sample and affect the biological significance of the data.  
Fluorescence resonance energy transfer (FRET) has been used to study the 
interactions of Aβ with lipid bilayers containing cholesterol as a function of the sterol 
mole fraction [108]. In this study of Qiu et al., Aβ40 oligomers, but not monomeric 
species, are shown to change the lateral organisation of the lipid membrane [108].  
Furthermore, fluorescent dye release experiments revealed the bilayer disruption and 
pore-formation to be dependent on the increasing concentration of the peptide Aβ40 
and Aβ42 [109]. Leakage of vesicle-encapsulated fluorescent dyes has been applied to 
detect membrane disruption during fibril formation. Alexa488 (Dextran) and Alexa545 
(Maleimide) were released from lipid vesicles after Aβ42 peptide exposure [102]. It 
should be underlined that dye release experiments are more sensitive to variations in 
sample preparation, especially vesicle stability, which can determine the recorded 
data.  
 
1.5.3 Other advanced spectroscopy and microscopy techniques 
 
Small angle neutron scattering (SANS) is a powerful, high resolution, 
technique for studying membrane properties, as well as membrane interactions of 
biological macromolecules. It has been employed to successfully investigate 
unilamellar vesicle properties, as well as their disruption by membrane-active 
peptides [110]. SANS has been used to show the fusogenic activity of Aβ42 peptide 
on lipid unilamellar vesicles, leading to bilayer thinning [111]. Dante et al. evaluated 
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the effect of Aβ42 on vesicle size and thickness as well as the contribution of pH and 
Aβ42 concentration upon the incorporation of the peptide [111]. Furthermore, neutron 
reflectivity in combination with AFM measurements evidenced that Aβ42 interacts 
strongly with lipid bilayers supported by a polymer cushion. The change in the 
scattering length density profile of the lipid bilayer was recorded by neutron 
reflectivity, while AFM probed the deep modification of the local mechanical 
properties of the bilayer [112]. 
Circular dichroism (CD) has been applied to reveal secondary structural 
changes in Aβ conformation as a consequence of lipid interaction [113]. Aβ40 and 
Aβ42 adopt characteristic α-helical structures in which the peptide becomes 
unstructured upon dissolution in sodium, whilst the presence of lipid induces a β-
sheet structure [113]. However, quantitative analysis of aggregate formation using 
CD can be complicated [113]. 
One of the major conclusions arising from a variety of experiments and 
ongoing investigation of amyloid proteins is that precise control of the experimental 
conditions is essential for the robustness of the conclusions drawn. Particularly, the 
properties of the amyloid aggregates, such as their size, are proposed as the primary 
factors modifying the membrane activity. Therefore, pore formation induced by 
amyloid proteins is likely to be highly dependent on the state of the amyloid species’ 
monomers, oligomers, protofibril aggregates or mature fibrils. 
Another aspect involved in studies of amyloid-bilayer interactions is the 
limitations induced by the techniques employed. Fluorescence techniques generally 
rely on the site-specific labelling of peptides or membranes, which is likely to affect 
the structural integrity of the molecules and the interactions between them.  
Despite this wide arsenal of experimental methods, a complete understanding 
of the molecular mechanism that controls the amyloid toxicity and binding into the 
cell membranes is lacking. New experimental approaches could move the field 
forward and contribute to the elucidation of the membrane interactions with 
amyloids, as well as enrich our knowledge of the peptide aggregation properties. A 
combination of advanced microscopy techniques can give a more complete view of 
the peptide-membrane interactions. The following techniques are applied in this 
study and are presented in detail in each chapter.  
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The following chapter (chapter 2) introduces artificial bilayers, the lipids used 
for our experiments, as well as the factors that determine the structure and 
morphology of an artificial lipid bilayer. In addition, a summary of the methods used 
to produce a lipid membrane is presented. 
Neutron scattering was applied on lipid bilayer systems before and after the 
Aβ42 insertion, with the thinning of the lipid bilayers being confirmed in this study. 
This method is the one with the highest resolution in defining the thickness of the 
lipid bilayer, but it is not suitable for real-time experiments as it requires very long 
acquisition times. Some of the recent results of SANS are reviewed in chapter 3. 
 Chemical information about Aβ42 can be provided by Raman spectroscopy. 
Raman spectroscopy reveals the chemical fingerprint of the peptide, as well as 
defines the conformational state of it (β-sheet, α-helical, random coil) in our study. It 
is the first time to our knowledge that Raman spectroscopy is performed on Aβ42 to 
depict various conformations the Aβ42 undergoes in varying conditions of pH, 
temperature or peptide concentration. A further review on recent advances of Raman 
spectroscopy techniques is presented in chapter 4. 
Chapter 5 is focused on coherent anti-Stokes Raman scattering (CARS) 
microscopy. CARS microscopy has already been applied for the evaluation of the 
secondary structure of polyglutamine (PolyQ) aggregates in vitro and in vivo [114]. 
In our case it was exploited to image lipid vesicles but also assess their structural 
changes upon protein insertion. CARS microscopy is applied for the first time to the 
study of Aβ42 interactions with lipid vesicles. A further review on CARS imaging on 
lipid vesicles is analysed in chapter 5. 
AFM has already been used not only to study the amyloid fibrillisation [115, 
116], thereby providing a detailed structural morphology of the amyloid aggregation 
states, but also to investigate the disruption of lipid bilayers by Aβ pore formation 
[54]. AFM has been used to study aggregates of numerous amyloidogenic proteins 
including Aβ peptides [116-118], α-synuclein [93], amylin [119], and insulin [120], 
but also fibril assembly of many other proteins [121]. Each system in which 
amyloidogenesis is induced in vitro might give valuable information on the 
underlying principles of fibril formation. Amyloid fibril formation generally is a 
result of alteration of the native conformation. This has been demonstrated for many 
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proteins including Aβ [122]. Partially folded conformations are favoured by changes 
in the pH and ionic strength and are thought to be critical intermediates in the 
transition to amyloid fibrils. Thus, it is crucial to study the various conformations of 
the protein under different chemical environments (pH, temperature, concentration, 
ionic strength). Advances in AFM of amyloid self-assembly, but also on its 
interactions with lipid bilayers, are already presented in the previous sections (1.3, 
1.5.1) and are extended in chapter 6.  
Overall, all these techniques contributed to a study of Aβ42 aggregation states 
under extreme and physiological conditions as well as the interactions with lipid 















2.1   INTRODUCTION 
 
Biological membranes are the thin bilayers that surround cells and enclose their 
constituent organelles and molecules. They form the border for the inside of the cells 
and the outside environment. They mainly consist of lipids and proteins. Lipids are 
small amphipathic molecules (~2 nm length) containing a polar part (the hydrophilic 
head) and a non-polar one (the hydrophobic tail). Upon contact with water most 
lipids organise and form lipid bilayers. 
The membrane has been described as a two-dimensional bilayer of fluid lipids 
with proteins that are adsorbed or embedded [123]; this description predominates in 
current thinking with minor modification. It was proposed by Mouritsen et al. [124] 
that the lipid membrane is laterally heterogeneous with the proteins associating with 
various domains with a different likelihood. 
The typical thickness of a lipid bilayer is about 4.5 nm; thus, it is much smaller 
than the total size of a cell (typically tens of micrometres). These bilayers are 
flexible, semi-permeable and heterogeneous; their state depends on many factors 
such as temperature, pressure, pH, and salt concentration. They also depend on the 
presence of proteins and their possible conformations [5]. This suggests that the state 
of a biological membrane depends on all factors mentioned above. 
The composition of the lipid membrane is complex and varies widely, not only 
between different organisms, but also from cell to cell within an organism and 
between the organelles within an individual cell. Lipid membranes can undergo 
transitions from a gel-like (rigid) to a liquid state, where both the lateral order of 
lipid molecules in the plane of the membrane and the order of the lipid hydrocarbon 
chains change. The lipid composition has a major influence on membrane melting. 
The melting events lead to changes in the phase or organisation of the lipids within 
the membrane. Regions of different composition and phase state that possess 
macroscopic dimensions are called domains or sometimes ‘rafts’. Section 2.4 gives a 





























Figure 2.1: The cell membrane or plasma membrane is a semi-permeable lipid bilayer common to 
many animal cells. It consists of a variety of biological molecules, mainly lipids and proteins, which 
participate in many cellular processes [125].  
 
Sample preparation is one of the most elementary factors defining the lipid 
bilayer-peptide interactions observed and their consequent biological significance. 
The choice of lipid composition of the various artificial membranes studied (planar 
supported bilayers, vesicles) is an influential variable among published results. A 
fundamental prerequisite to achieve biological relevance for the findings would be 









2.2  LIPIDS  
 
The majority of the lipids that build up the lipid bilayer are phospholipids. 
Their hydrophilic headgroup contains phosphate (PO43-), choline (C5H14NO) and 
glycerol (C3H8O3) groups, while the hydrophobic part consists of two hydrocarbon 
















Figure 2.2: Schematic diagram of a PC molecule. 
 
The lipids are classified according to their polar headgroup in three major 
groups: the phosphatidylethanolamine (PE), the phosphatidylserines (PS) and the 
phosphatidylcholines (PC). The fatty acids are long-chain carboxylic acids that 
usually have between 12 and 24 carbon atoms. Fatty acid chains that have double 
bonds are known as unsaturated, while the ones with single bonds are known only as 
saturated.  
For this study, pure phospholipids and their binary mixtures are used: 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), deuterated 1,2-dipalmitoyl(d62)-sn-glycero-3-
phosphocholine (D62PPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
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(POPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG), 1-palmitoyl-
2-oleoyl-sn-glycero-3- phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-
glycero-3phospho-L-serine (POPS).  
DPPC and DOPC are phospholipids commonly used in research of supported 
lipid bilayers as a modelling device and will be used in this project. DPPC has a 
molecular mass of 734 g/mol and its structure, C40H80NO8P, is shown below: 
 
 
Figure 2.3: DPPC molecule (Avanti Inc.). 
 
 
DOPC is a similar phospholipid to DPPC; however, the fatty acid chain of 
DOPC contains two more carbon atoms with a double bond between two of them.  
This difference in chain length is vital when analysing phase separation in bilayers of 
DOPC and DPPC. Alkyl chain length defines the thickness of the lipid bilayer; 
therefore, height difference between liquid-ordered lipid domains and the 
surrounding disordered phase can be measured, allowing the presence of a true 
bilayer to be known. In the formation of a true bilayer, a height difference of between 
0.5 and 1.0 nanometres would be expected between the phase-separated rafts of the 
two phospholipids. DOPC has a molecular weight of 786 g/mol and its structure is 
shown in Figure 2.4:  
 
Figure 2.4: DOPC molecule (Avanti Inc.). 
 
 
Deuterated D62PPC has a molecular weight of 796.4 g/mol and its molecular 
formula is C40H18NO8PD62. The difference from the DPPC is that all the hydrogens 
(H) of the C-H bonds of the hydrophobic tail are substituted by deuterium (D), 




 Figure 2.5: Deuterated D62 molecule (Avanti Inc.). 
 
DOPG is an anionic lipid of molecular weight 797.03 g/mol with a negatively 
charged hydrophilic head and unsaturated alkyl chains. Its chemical formula is 
C42H78NaO10P and it is illustrated below: 
 
Figure 2.6: DOPG molecule (Avanti Inc.). 
 
POPC is a mixed alkyl lipid consisting of two different alkyl chains: one 
saturated 16 carbon chain and the other an unsaturated 18 carbon chain 
(16:0/18:1(9Z)). Its molecular weight is 760.08 g/mol. Its molecular formula is 
C42H82NO8P and it is illustrated in Figure 2.7. 
 
Figure 2.7: POPC molecule (Avanti Inc.). 
 
Finally, POPS is also a mixed alkyl like POPC. The difference is that it 
consists of a negatively charged hydrophilic head. Its molecular weight is 
783.99g/mol and its chemical formula is C40H75NO10PNa. 
 
Figure 2.8: POPS molecule (Avanti Inc.) 
 
The cholesterol molecule C27H46O is a major constituent of the plasma 
membrane of many cells of higher organisms.  
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 Figure 2.9: Cholesterol molecule (Sigma). 
 
There is a further discussion on the cholesterol importance to the lipid 
membranes in chapter 6 (section 6.3.1.1). 
The average mammalian cell membrane consists of 10−25% cholesterol, but it 
contains more lipids than DPPC, such as phosphatidylethanolamine (PE), 
phosphatidylinositol (PI), phosphatidylserines (PS), and sphingomyelin (SM) that 
have different structures and melting (or transition) temperatures. The membrane at 
37°C retains the fluidity necessary for the function of many cell processes. 
According to van Meer et al. [2] the composition of the mammalian cell 
membrane consists of 65% glycerolipids ((PC), (PE), (PS), (PI)), 25% sterols 









Figure 2.10: Organelle distribution of phospholipids and cholesterol of: (a) Endoplasmic reticulum 
(ER), (b) mitochondrion, (c) Golgi, (d) plasma membrane, (e) endosomes and lysosomes. [2] 
 
The neuronal cell consists of the neuronal soma and the neurites. The dry lipid 
weight (37%) of the average neuronal soma is: 57.1% phospholipids, 15.4% 
cholesterol and 4.8% galactolipids (a type of glycolipid whose sugar group is 
galactose and lacking nitrogen in their composition). The dry lipid weight of the 
neurites (15%) consists of: 56.4% phospholipid, 22.1% cholesterol, 7.7% 
galactolipid [126]. 
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2.3   TEMPERATURE AND MELTING POINT 
 
One of the most obvious physical characteristics of the membrane that is 
controlled by the chemical nature of the lipids is their melting point (Tm). The 
molecular origin of chain melting is attributed to the transition that lipids undergo, 
upon a temperature increase, where chains become unordered. At high temperatures, 
these chains are disordered due to rotations around the C-C bonds of the lipid chains. 
The lipid bilayers are in an ordered ‘gel’ phase at low temperature and they undergo 
a transition to the disordered ‘fluid’ phase at higher temperatures. The most common 
phases found in artificial and biological membranes and the terms used in this study 
are: solid-ordered (SO) for tightly packed ‘gel’ domains, liquid-ordered phase (LO) 
for ordered domains that lack tight lateral packing below the melting point, and 
liquid-disordered phase (LD) above the melting point for ‘fluid’ phase domains, as 







Figure 2.11: Upon a temperature increase, lipids 
undergo a melting transition where chains become 
unordered. This melting can be observed as a peak 
maximum of the heat capacity as measured in 
calorimetry. Lipid phase transitions of the membrane 
are monitored by measuring the rate of heat 
absorption of a sample in a calorimeter. Pure 
homogeneous bilayers of a single lipid component 








During the chain melting process, the molecules absorb heat (enthalpy); 
consequently, their entropy increases, giving rise to a higher number of possible 
chain configurations. The absorption of the heat can be recorded by measuring the 
heat capacity; the heat absorbed per degree of temperature increase: cp = (dH/dT)p. 
At the melting temperature Tm the lipid has reached a maximum above which it shifts 
from a liquid ordered (LO) to liquid-disordered (LD) phase. 
 








Figure 2.12: An illustration of the liquid-ordered (LO) to liquid-disordered (LD) phase transition 
temperature, Tm. The surface area and the mobility of the lipid chains increase, while their thickness 
decreases, upon phase transition [127]. 
 
The pressure is another factor that influences the melting point. If the lateral 
tension within the membrane is increased, the melting temperature increases too. 
This can be studied on a Langmuir-Blodgett trough (chapter 6), where the lipids are 
compressed by changing the lipid area, while recording the lateral pressure [128].  
The discussion concerning the organisation of membrane lipids into domains, 
such as DPPC and DOPC, is linked to their transition temperature or melting point. 
This is the temperature at which, under standard atmospheric pressure, the lipid 
changes from the liquid-ordered phase to a liquid-disordered phase. The transition 
temperature depends on the length (the number of C atoms) and saturation level of 
the lipids alkyl chain. For exemple, an unsaturated DOPC chain gives rise to its 
relatively low transition temperature of -20°C, compared to 41°C for the saturated 
DPPC molecule. D62PPC has the same transition temperature as DPPC (41°C). 
Finally, DOPG has a transition temperature of -18°C, while the POPC has -2°C and 
POPS 14°C. The phase transition temperatures for the lipids used for our 




Lipids  DPPC  DOPC D62-DPPC  DOPG POPC POPS 
Transition 
Temp. (Tm) 
41 °C -20 °C 41 °C -18 °C -2°C 14°C 
Table 2-1: Transition temperatures for the phospholipids used (AvantiR Inc.). 
 
In section 6.4.1.1, AFM is used to record the effects on DPPC lipid bilayer 
morphology upon a temperature increase from 25°C to 40°C.   
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2.4   PHASES AND DOMAINS 
 
The thermodynamics of the lipid molecules can explain the phase changes that 
the lipids undergo. More than one phase may coexist in particular conditions 
(temperature, pressure or concentration). The graphical representation of the lipid 
phase coexistence is called a ‘phase diagram’. 
The most common phases observed in both artificial and biological membrane are: 
 The solid-ordered (SO) phase or ‘gel phase’; the lipids are closely packed 
and organise on a triangular lattice in the plane of the lipid membrane; 
 The liquid-ordered (LO) phase; the lipids are arranged similarly to the SO 
(ordered lipid chains) but there is a loss of lateral packing; 
 The liquid-disordered (LD) phase or ‘fluid phase’; the lipids lack well- 














Figure 2.13: The 
three most common lipid bilayer phases viewed from the side and from top: solid ordered (SO), liquid 
ordered (LO) and liquid disordered (LD) phases. The first two phases are of low enthalpy (found at 
temperatures T<Tm), while the LD phase occurs upon high enthalpy at high temperatures [5]. 
 
In binary mixtures with cholesterol at certain molecular fractions, the liquid 
ordered (LO) phase coexists with the solid-ordered (SO) phase at temperatures below 
the melting point (Tm) of the phospholipid component [129]. The transition between 
the ordered and disordered phases is associated with the amounts of heat energy that 
the bilayer system has absorbed, as described in Figure 2.12 and Figure 2.13. 
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2.4.1 Phase diagrams and Gibbs’ phase rule  
 
In a lipid mixture, such as the lipid bilayer, more than the three aforementioned 
lipid phases may be found. In a system with K lipid components, that each have at 
least one lipid phase, P, the degrees of freedom, F, indicate the number of variables 
that can be changed independently of one another. These variables can, for example, 
be the concentration of various membrane components or the temperature. The 
number of degrees of freedom is always positive, F≥0. Gibbs’ phase rule defines the 
number of different phases that coexist for a given number of components and 
degrees of freedom. For a constant pressure: 
                                       F=K-P+1                             Gibbs’ phase rule 
For ternary lipid mixture K=3, let’s check all the possibilities: 
P=1                      F=3 
P=2                      F=2 
P=3                      F=1 
P=4                      F=0 
The first case describes the ternary system in which all lipids are in the same 
lipid phase; consequently, three components can be varied without escaping the one-
phase region (the concentration of the second and the third components and the 
temperature). The second case indicates that there are two phases coexisting; 
consequently, the concentration of only one component can be varied as well as the 
temperature or the concentrations of both components but at constant temperature. 
The third is the case of the coexistence of three different phases; either temperature 
or one component’s concentration can be varied (the rest are automatically defined). 
The last one is the case of the coexistence of four different phases, and with all the 
concentrations and temperature being defined. 
Figure 2.14 shows a Gibbs’ phase diagram of a ternary system consisting of 
cholesterol, the deuterated saturated phospholipid DPPC, and the unsaturated 
phospholipid DOPC. Veatch et al. [6] used deuterium NMR to investigate the critical 
fluctuations in lipid bilayers near miscibility critical points. These illustrations can 
contribute to our study in order to correlate the lipid membranes’ composition with 














Figure 2.14: Phase diagrams of DOPC/ d62-DPPC/Cholesterol. (a) The ternary phase diagram at 
10°C reveals the phase assignments. The liquid-liquid (LD-LO) coexistence region is blue and 
terminates in a critical point (yellow circle). At low cholesterol concentration, the LD-LO region is 
framed by a three-phase triangle (green) in which LD, LO and SO phases coexist. The three-phase 
triangle is connected to two separated regions of liquid and solid coexistence (LO-SO and LD-SO) in 
red. (b) The varied-constant temperature phase diagrams are assembled into a three-dimensional 
phase diagram varying the temperature from 10°C to 37°C, and the dashed yellow line corresponds to 
the critical points [6]. 
 
Biological membranes consist of several components: various lipids, 
membrane proteins and other smaller components. These components may also have 
a variety of different phases; consequently, the behaviour of biological membranes 
can be very complex and a challenging system in which to study. However, phase 
coexistence is present in biological membranes and affects their behaviour. In order 
to make general conclusions on the physical behaviour of the bilayers, some general 
relations independent of the detailed knowledge of the phase diagram are necessary. 
Cells are relatively small (of the order 109 lipids) and phases cannot be 
macroscopically separated. On the other hand, finite-size domains interact with 
others in their boundaries, with the conclusion being that both artificial membranes 
containing lipids and biological membranes display the coexistence of many domains 
with various physical properties [3]. 
An artificial model lipid bilayer is a bilayer assembled in vitro that consists of 
either synthetic or natural lipids. The simplest model system is a bilayer consisting of 
a single pure synthetic lipid, while a more physiological model system can contain 
mixtures of several synthetic or natural lipids. There are many different types of 
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model membrane with various experimental advantages and disadvantages. The ones 
used for this study are described in the following section.  
 
2.5  SUPPORTED LIPID BILAYERS (SLB) 
 
A supported lipid bilayer (SLB) is a planar structure attached on a solid support 
(e.g. coverslip, mica). This is not the most physiological membrane mimic because it 
is not a bilayer rolled into an enclosed shell, like biological cell membranes.  
One of the primary limitations of supported lipid bilayers is the possibility of 
undesired interactions with the substrate. SLBs are not directly attached on the 
substrate surface (mica), but are separated by a thin water layer. The size of this gap 
depends on the substrate material [130] and on the lipid species, but generally is 
about 1 nm for the most common experimental system: lipids attached on silica [131, 
132]. Due to this thin water layer, there is a strong hydrodynamic coupling between 
the bilayer and the substrate. 
This means that the dynamics of the lipid membrane are restricted [133], but 
this has many advantages: a supported lipid bilayer is a very stable structure that can 
remain intact even in the presence of holes, or at high flow rates of the buffer, or 
when experiencing vibration of the substrate. Their stability can allow long periods 
of experimentation. Furthermore, a flat lipid bilayer supported by a hard surface can 
be easily observed by a number of characterisation tools of high resolution such as 
AFM, and near-field techniques, such as attenuated total reflectance-Fourier 
transform infrared spectroscopy (ATR-FTIR) [134], surface plasmon resonance 
(SPR) [135] or total internal reflection fluorescence (TIRF) [104]. Finally, it is easier 
to manipulate the chemical conditions (buffers) of a supported lipid bilayer. 
The methods used in this study to prepare SLBs are the Langmuir-Blodgett 
technique and the vesicle fusion of extruded liposomes. The Langmuir-Blodgett 
technique is presented in chapter 6 (section 6.3.3.1). It was used for the AFM 
because it provides a good control of a single lipid bilayer. SLBs were also prepared 
by fusion of extruded vesicles (section 3.3.5), which was suitable for neutron 
scattering measurements in chapter 3, as this method creates the multilayers that are 
required for the neutron scattering experiments. 
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2.6   LIPID VESICLES 
 
A vesicle is a lipid bilayer rolled into a spherical shell, enclosing a small 
volume of buffer, separated from the buffer that surrounds the vesicle. This 
fundamental similarity to the cell membrane has led to the extensive study of the 
lipid vesicle bilayers. The second reason for the frequent use of vesicles is the 
simplicity of the preparation methods. The gentle hydration method is the simplest 
way to spontaneously form vesicles from a dehydrated lipid film exposed to water 
[136]. Initially, the vesicles formed are multi-lamellar with sizes varying from some 
tens of nanometres (nm) to several micrometres (μm) [137].  
Two methods are used to reduce the number of lipid multi-layers of these 
initial vesicles; ultra-sonication in a bath (vesicles of some tens of nm) or extrusion 
through a polycarbonate membrane.  
Lipid extrusion is a technique in which a lipid suspension is forced through a 
polycarbonate filter with a defined pore size. Prior to extrusion, ultrasonication is 
performed to reduce the layers of the initial multi-lamellar vesicles and improve the 
homogeneity of the solution. Two syringes are used; the lipid solution is passed 
through the polycarbonate membrane multiple times, typically eleven (Figure 2.15). 
The particles produced have a diameter near the pore size in respect to the filter used. 
As with each method of downsizing lipid multilamellar vesicles, the extrusion should 
be performed at a temperature above the Tm of the lipid. It has been shown that a 
specific size of pores (10 nm–100 nm) is capable of creating single-walled vesicles, 
known as small unilamellar vesicles (SUVs) [138]. In this manner SUVs can be 
produced in large quantities; thus, they are suitable for material studies such as X-ray 
diffraction for the determination of the lattice spacing [139]. Extrusion filters with 
100nm pore size typically yield large unilamellar vesicles (LUV) with a mean 
diameter size of 120−140 nm. Vesicles may also be labelled with fluorescent dyes to 




      




















3  Study of Aβ 42  pretreatment by 
Dynamic Light Scattering (DLS) and 
its insertion into lipid membranes 
using neutron diffraction and Small- 
Angle X-ray Scattering (SAXS) 
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3.1   ABSTRACT 
 
This chapter was a part of a funded placement in 2010 for 3 months (by the 
Royal Society of Edinburgh, Lessells Travel Scholarships) to Helmholtz-Zentrum 
Berlin. The study was in collaboration with the biophysical research group of 
Thomas Hauss [141]. 
This study concerns the β-amyloid peptide (Aβ42) intercalation in the lipid 
bilayers using neutron diffraction and small angle X-ray scattering (SAXS). It is an 
attempt to elucidate the effect of Aβ42 on lipid bilayers consisting of POPC/POPS 
(9:1 mole ratio), using neutron diffraction measurements. 
Furthermore, the behaviour of Aβ42, using different pretreatments is studied. 
Trifluoracetic acid (TFA), NH4OH, NaOH and hexafluoroisopropanol (HFIP) 
pretreatments are evaluated using dynamic light scattering (DLS). It is very 
important to elucidate the form of the peptide (monomeric, oligomeric, fibrils) after 
the pretreatment with each of the suggested methods, in order to make a conclusion 
on the best way to keep our amyloid in a monomeric form. Our results suggest that 
the pretreatments with TFA and also with NH4OH are the most effective ones.  
In addition dynamic light scattering is going to be used in order to measure the 
size of the vesicles formed with an extrusion technique (section 2.6) as well as their 
behaviour when Aβ42 pretreated according to the methods mentioned before, is added 
to the lipid vesicle solution. Finally, small-angle X-ray scattering will be performed 
on lipid vesicle solutions, despite inconclusive results.  
 
3.2   INTRODUCTION 
 
Previous neutron diffraction work [110] on lipid multilayers showed that the 
intercalation of the amyloidogenic fragment Aβ(25-35) depends on the composition of 
the membrane, especially on its surface charge. The peptide was detected in the 
aqueous region close to the hydrophilic part of the membrane (POPC) but also in the 
hydrophobic part of it in the absence of negatively charged lipids. Neutron 
diffraction experiments on POPC:POPS (9:1) revealed that the Aβ(25-35) left the 
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spacing between the membrane leaflets unaltered. According to this study, the 
peptide Aβ(25-35) does not interact with the negatively charged lipid bilayers. 
In addition, it is very important to determine the best way for the amyloid 
pretreatment in order to ensure a monomeric form during the insertion in the lipid 
membranes. The pretreatment of Aβ40 with NaOH significantly improves the 
monomeric form of the amyloid compared to the pretreatments with TFA or HCl 
[142, 143]. There have been recent studies that correlate the symptoms of 
Alzheimer’s disease with the small soluble aggregates of Aβ more than with the 
amyloid plaques [18]. According to Dante et al. [111] the Aβ42 peptide led to the 
increase in vesicle diameter upon binding, resulting in the fusion of the unilamellar 
vesicles. Ashley et al. [144] concluded that oligomeric Aβ42 intercalates 
spontaneously into POPC lipid membranes that contain cholesterol, with the 
insertion causing misplacement of the sterol by 0.2 nm for each membrane leaflet 
alternating the functions of the lipid membrane.  
Combined studies of neutron reflectometry (NR) and AFM force spectroscopy 
on lipid bilayers supported by a polyelectrolyte cushion revealed a strong interaction 
between the Aβ42 and softening of the lipid membrane [112]. POPC/POPS lipid 
membranes on mica revealed annular structures for the Aβ42. The softening of the 
membrane observed by the NR can be attributed to the lateral diffusion of the 
membrane lipids upon Aβ42 insertion, leading to the conclusion that this change of 
the mechanical properties of the membrane could affect any membrane-based signal 
flow that is related to changes in lipid mobility and protein. 
 
3.3   MATERIALS AND METHODS 
 
3.3.1 Chemicals  
 
The lipids used for this chapter were POPC, POPS purchased from Avanti 
Polar Lipids, while Aβ42 with NH4OH were bought from Anaspec. Trifluoracetic 
acid (TFA), 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) and sodium hydroxide 
(NaOH) used for the pretreatment were purchased from Sigma-Aldrich. The 
protocols are described separately in each section. 
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A dynamic light scattering (DLS) instrument (Wyatt DynaPro) was used to 
measure the size and polydispersity (content of multi-size particles) of lipid vesicles 
and Aβ42 in solution within seconds. The motivation to use DLS is that it can 
characterise the homogeneity, size and thermal stability of purified proteins. 
Furthermore, this technique will help to define the stability and the size of vesicles 
that can be measured. It’s a rapid way to measure and plan the protocol of our 
experiment or to predict some of the conclusions about the interactions, before we 
start the experiments with neutron scattering or small-angle x-ray scattering (SAXS). 
The light scattered by the sample is collected into an optical fibre. The laser 
light observes a time-dependent fluctuation in the scattering intensity. This 
fluctuation is due to the fact that the small molecules in solutions are undergoing 
Brownian motion; consequently, the distance between the scatterers in the solution is 
constantly changing with time. The fibre collects wavelengths of light, which scatter 
constructively or destructively depending on the positions of the illuminated 
molecules. Small molecules that have fast diffusion generate signals that fluctuate 
rapidly, while large molecules generate signals that fluctuate slowly. Time 
dependence of all these fluctuations is described by the intensity autocorrelation 
function: 
                                          
 









I(t)  is the detected intensity as a function of time, and 
 
τ  is the delay time. 
The autocorrelation function of a monodisperse sample is related to the diffusion 
constant by: 
                                                   
 
G(τ) = I(t) 2(1+ αe−2DT q
2τ )                         Equation 3.2 
where 
 
I(t) 2 is the average scattered intensity squared, 
 
α  is an instrument constant, 
 
DT  is the translational diffusion constant, 
 
q = (4πn /λ0)sin(ϑ 2) , 
 
n  is the index of 
refraction of the solvent, 
 
λ0 is the wavelength of light in a vacuum, and 
 
ϑ  is the 
angle of detection with respect to the incident beam direction. By analysing the 
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correlation function, the diffusion constant of the molecule can be measured directly. 
In addition, if the molecule is assumed to be a uniform sphere, the Stokes-Einstein 
relation determines the molecule’s hydrodynamic radius: 








kB is Boltzman’s constant, 
 
T  is the absolute temperature (in Kelvin degrees) 
and 
 
η is the solvent viscosity. 
 
3.3.3  Results 
 
First of all, in order to check our device’s accuracy, we used as a test sample 
latex spheres of certified sizes (21±1.5 nm, 33±1.4 nm and 50±2 nm) (Duke 
Scientific Corporation). Latex spheres of a particular size are expected to be 
monodisperse. In Figure 3.1, the regularisation view shows the calculated size 
distribution for the correlation curve associated with the measurement of a uniform 
size of latex spheres.  
The results summary table (located below the size distribution histogram) 
describes the number of peaks and their mean value (radius), % polydispersity 
(%Pd), the measured radius (MD-R), the relative amount of light scattered by each 
population (%Int), as well as the relative amount of mass (concentration) of each 
peak of species (%Mass). 
In Figure 3.1 (a) latex spheres of 50 nm in diameter are measured, while 
according to the summary table, the mean value of the radius is 25.7 nm, meaning 
that the measured diameter is 51.4 nm, which is in good agreement with the 
manufacturer’s specifications. The histogram below has one peak, so it’s called a 
monomodal size distribution. The peak is defined by the mean value and 
polydispersity. Polydispersity refers to the level of homogeneity of the sizes of the 
particles. The width of the peak is the standard deviation of the weighted bin values, 
also known as the polydispersity. The mean value of the peak is defined by a 
weighted average of the number of bins comprising the histogram, which are two in 
this case. The bins themselves don’t represent real, distinct, physical particles, but 
rather their mean and standard deviation. In Figure 3.1 (b), the DLS measures a 17.3 
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nm latex sphere radius and the 34.6 nm diameter is quite close to the theoretical size 







Figure 3.1: Light scattering from latex spheres: (a) 50nm, (b) 33nm. 
 
From the results above, it seems that our DLS device is capable of accurately 
measuring the sizes of our samples; consequently we can proceed safely to the real 
experiment.  
In order to check the lipid vesicle preparation, two different methods were 
performed; extrusion and bath sonication. Unilamellar vesicles POPC:POPS (9:1 
molar ratio) were prepared with an extrusion technique (LiposoFast Basic) using 
50nm polycarbonate filters and alternatively bath sonication. Figure 3.2 makes a 
comparison between the bath-sonicated vesicles and the extruded ones. In Figure 
3.2(a), the DLS measurements on ultrasonicated vesicles show an extended size 
variation. When the level of homogeneity is high, the particles can be considered 
virtually identical in their size (monodisperse). The level of homogeneity is 
considered high when the polydispersity measure is less than 15%. When it is greater 
(a) (b) 
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than 30%, the particle population can be considered to contain significantly different 
sizes (polydisperse). 
According to the light scattering measurements, the extrusion technique shows 
high homogeneity, providing one size of stable unilamellar vesicles (60 nm 
diameter), while bath sonication shows heterogeneity, creating various sizes of 



























Figure 3.2: Light scattering from (a) bath sonicated vesicles, (b) extruded vesicles with 50nm 
polycarbonate filters. 
 
3.3.3.1 Aβ42 various pretreatments 
 
In order to test the behaviour of Aβ42 under different pretreatments, we used: 
• 0.1mg of Aβ42 in TFA, dried under Argon (Ar) to remove any remaining 
traces and then resuspended in 1ml of PBS (pH 7.4, 170 mM NaCl, 3.4 mM 
KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) [143] 
• 0.1mg of Aβ42 in 40µl of 1% NH4OH (according to Anaspec 
recommendation) and then we added 1ml of PBS (pH 7.4, 170 mM NaCl, 3.4 
mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4). 
(a) (b) 
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• 0.1mg of Aβ42 in 40µl of 0.1M NaOH and dissolved in 1ml of PBS (pH 7.4, 
170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) [142]. 
 
The graphs below describe the results and the progress of amyloid aggregation 
in time. In Figure 3.3, the TFA-pretreated Aβ42 already shows the existence of 
aggregates of various sizes with an average of 12 ± 0.4nm in diameter. This suggests 
that monomers, dimers and possibly trimers have already formed. Polydispersity is 
caused by the presence of different species that cannot be resolved by the technique 
of DLS, such as species whose size is a factor of two and divergent from the other 
species in a sample. 
 




























Figure 3.3: (a) TFA-treated Aβ42, (b) TFA-treated Aβ42. Measurement taken after one day kept in a 
vial. 
 
Once the TFA-pretreated Aβ42 was kept in a vial for one day, the distribution is 
multimodal and polydisperse. It may contain monomers, dimers, trimers of 
approximately 12 ± 0.4 nm in diameter, but also various non-specific aggregates 
around 160 nm in mean diameter that could be larger aggregates or fibrils. The 
(a) (b) 
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majority of the mass (99.3%) consists of the small structures, but there are also a 
small percentage of 79 nm structures (0.7%) that yields high intensity. This could 
also be contaminants in the buffer, if prefiltering was not robust. Consequently, it 
could be safe to conclude that TFA mostly keeps the monomeric form of Aβ42. 
Creszenzi et al. [145] suggest that TFA pretreatment in combination with other 
solvents such as HFIP removes any aggregated states of the Aβ42. In addition, Jao et 
al. [143] have shown Aβ42 after TFA pretreatment is easily soluble in aqueous 
solutions and in organic solvents, as it exhibits the properties of monomeric, random 
coil structures and lacks pre-aggregated material.  
 




























Figure 3.4: (a) Aβ42NH4OH, (b) Aβ42NH4OH. Measurement taken after one day kept in a vial. 
 
Pretreatment with NH4OH shows that there are monomeric and maybe 
tetrameric structures of aggregates with average sizes of 4nm and 16nm. One day 
later, there are just structures of 370nm mean value, with no monomers being 
detected. For a fresh sample, NH4OH can ensure its monomeric form with a slight 




 NaOH pretreatment 
                                       
The following graph describes the pretreatment of Aβ42 with NaOH. According 
to Fezoui et al.[142] the solvation of synthetic peptide with sodium hydroxide 
(AβNaOH) followed by lyophilisation produced stocks of high solubility and 
compared to hydrochloric acid (AβHCl) or trifluoroacetate (AβTFA), the treatment 
with NaOH significantly improved the low molecular weight of Aβ40 and Aβ42 
(monomers or dimers). 
According to our measurements, no monomeric forms of the Aβ42 were 
detected by DLS. From the regularisation distribution and the results summary table 
(Figure 3.5), the sizes of the detected structures are round 267 nm. The distribution 
is polydisperse (33.2%), meaning that there is little homogeneity. Consequently, the 




























In order to test the effect of the different pretreatments of Aβ42 on the lipid 
vesicles’ structure, Aβ42 (1.5:100 amyloid-to-lipid mole fraction) was added to the 
extruded vesicles’ suspension (10 mg/ml) after pretreatment with TFA and NH4OH. 
The use of extruded vesicles contributed to an accurate comparison. According to 





























Figure 3.6: Light scattering results of the effect of (a) NH4OH-pretreated Aβ42, (b) TFA-pretreated 
Aβ42 on extruded lipid vesicles. 
 
Both results of Figure 3.6 (a) and (b) leave the unilamellar vesicles unaffected. 
This means that the Aβ42 has not inserted the vesicles to change their size. There are 
some peaks but with a negligible mass percentage (%Mass), which might be due to 
the amounts of Aβ42 that are not monomeric; it is shown in Figure 3.6 (b) that the 
lipid vesicles are unaffected and this is revealed by the first peak with a mean value 
of 60 nm in diameter, and at the same time there are some large structures formed of 
generated radii 360 nm and 5800 nm. 
(a) (b) 
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In Figure 3.7 (a), only lipid vesicles can be detected and no monomers of the 
Aβ42. That could be attributed to the fact that the concentration of Aβ42 is a 1.5% 
mole fraction and the scattering intensity of the lipid vesicles is higher, obscuring the 
monomeric or oligomeric amyloid structures of low radius. 
Finally, we tested the pretreatment of Aβ42 with HFIP. It seemed to cause 
vesicle fusion on unilamellar vesicles after they were prepared in different ratios of 
HFIP/water. The hexafluoroisopropanol seems to affect our lipid vesicles. The radius 
sizes of the bath-sonicated vesicles vary between 30 nm and 100 nm. After adding 
10% HFIP, the radius’ sizes increase up to 267 nm. This suggests that the HFIP 


























Figure 3.7: Light scattering from lipids bath-sonicated (a) in water, (b) in 10%HFIP. 
 
In conclusion, extrusion provides unilamellar vesicles of uniform size 
according to the pore size of the polycarbonate membrane filters used. For small 
angle scattering experiments, or for dynamic light scattering, it is useful to use 




The pretreatment of Aβ42 with NH4OH keeps Aβ42 mainly in a monomeric 
form with the slight possibility to create tetramers too, but does not seem to affect the 
lipid membranes, while the pretreatment with TFA doesn’t completely prevent 
aggregation or fibril formation. Due to the fast fusion effect of HFIP on the size of 
the vesicles, we decided not to try any further pretreatment of Aβ42 with it. In this 
chapter, only TFA is used for the Aβ42 pretreatment. NH4OH is used for the Aβ42 
pretreatment in the next three chapters. 
 




Diffraction effects are useful for the determination of dimensions in solid 
materials and, therefore, crystal structures. Since the distances between atoms or ions 
are of the order of 10-10 m (0.1nm) the neutron diffraction method requires neutrons 
with a similar wavelength. 
A certain wavelength of radiation will interfere constructively when reflected 
between surfaces that produce a path difference equal to an integral number of 
wavelengths. This condition is described by the Bragg law:  
                                                                
 
nλ = 2d sin(θ )                                              Equation 3.4 
where n is an integer, λ is the wavelength of the radiation, d is the spacing between 
surfaces, and θ is the angle between the radiation and the surfaces. This relation 
demonstrates that interference effects are observable only when radiation interacts 
with physical dimensions that are approximately the same size as the wavelength of 
the radiation. 
 
Figure 3.8: Interference of radiation between atomic planes in a crystal [146]. 
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The lamellar spacing (d) of each sample was calculated by least-squares fitting 
of the observed 2θ values to Bragg Equation 3.4 (
 
nλ = 2d sin(θ ) ), where n is the 
diffraction order and λ is the wavelength of the neutron beam (0.523 nm). The 
integrated intensities were calculated with Gaussian fits to the experimental Bragg 
reflections. Intensities were corrected with absorption and Lorenz factors, with their 
root leading to the structure factor amplitudes F(h). The relative absolute density 
profile ρ(z) is given by Equation 3.5 [147, 148]  
                                              
 










                           
Equation 3.5 
where F is in units of scattering length, 
 
ρ0 is the average scattering length per unit 
length of the bilayer, F(h) is the structure factor and the sum describing the 
distribution in scattering lengths across the bilayer, and h are the Miller indices h 
[=(h k l)] that specify the Bragg planes that cut the unit cell edges h, k and l times and 
also define a vector in a reciprocal space perpendicular to these planes, with length 
being equal to the reciprocal of the spacing between the Bragg planes. The amplitude 
│F(h)│of a particular structure factor indicates the extent to which the electron 
density is concentrated on planes parallel to the Bragg planes, while its phase reveals 
the position of the planes of high electron density relative to the Bragg [149]. 
A significant feature that makes neutron scattering particularly useful for the 
biological sciences is the special behaviour of hydrogen, when compared to 
deuterium. In biological systems, hydrogen can be exchanged with deuterium, which 
has not shown any major defects on the sample but introduces dramatic effects on the 
scattering. The technique of contrast variation relies on the differential scatter of 
hydrogen vs. deuterium. Biological samples are usually dissolved in water; 
consequently, their hydrogen molecules are able to exchange with the deuterium 
atoms of the solvent. Since the overall scattering from the molecule depends on all its 
components, it will depend on the ratio of hydrogen to deuterium in the sample. At 
certain ratios of H2O to D2O, called match points, the scatter from the molecule will 
equal that of the solvent and, thus, will be eliminated when the scattering from the 
buffer is subtracted from the data. For example the match point for proteins is usually 
around 40−45% D2O; consequently, at that ratio the scattering from the protein will 
be indistinguishable from that of the buffer. 
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The phase assignment is obtained using the D2O:H2O exchange, as the 
structure factors are a linear function of the mole fraction of D2O:H2O. Our oriented 
multilayer specimens were formed from lipids dissolved in solution; we assume that 
the multilayers are centrosymmetric and there is a central symmetry of the randomly 
stacked bilayers. The phase angles of the lamellar reflections can be 0 or π. In order 
to determine the relative phases of the reflections, we performed changes of the ratio 
H2O/D2O [45, 111]. 
                                                        
 
F(h) = F(h)eiφ →± F(h)                               Equation 3.6 
 
The scattering length of hydrogen is bH=−0.37x10-14 m and for the deuterium 
is bD=0.67x10-14 m [45, 110, 144]. The sign of the scattering length is related to the 
existence of bound (energy near zero) or unbound states of the molecule. In general, 
a positive scattering length signifies that a bound state of the system exists, whereas a 
negative scattering length signifies that the system has no bound state; the diatomic 
hydrogen gas can exist in two states (triplet state and singlet state)[150].  
The neutron diffraction measurements were carried out on the membrane 
diffractometer V1 at the Neutron Scattering Center of the Helmholtz Zentrum Berlin 
(Germany).  
The samples studied consisted of (i) POPC, (ii) POPC: Aβ42 protonated (1.5% mole 

















3.3.5 Formation of SLBs by vesicle fusion 
 
Vesicle fusion is the most suitable method to prepare multilamellar lipid layers 
for neutron scattering measurements. POPC was dissolved in chloroform (CHCl3) at 
10 mg/ml; after evaporation of the solvent under an argon stream, the lipid film was 
placed in a vacuum for 1h, resuspended in ultrapure water (Millipore resistivity 18.2 
MΩ·cm) to a concentration of 1 ml of 10 mg/ml and ultrasonicated in a bath for 30 
mins at room temperature. 
To avoid pre-aggregation, Aβ42 (0.15 mg/ml) was dissolved in TFA and then 
left to dry under an Ar stream. The dry peptide was then dissolved in CHCl3 in order 
to mix homogeneously with the lipids. The mixed solution of lipids and Aβ42 
(1.5:100 amyloid-to-lipid molar ratio or 1.5% Aβ42 molar fraction) was deposited on 
a quartz slide and left in a vacuum overnight to dry. When the lipid vesicles come in 
contact with the quartz surface, they rupture and they spread into planar membranes. 
An isolated adsorbed vesicle ruptures spontaneously upon contact with the quartz 
substrate. In addition, neighbouring adsorbed vesicles fuse and eventually rupture or 









Figure 3.9: Preparation of supported lipid bilayers; (i) vesicles adsorb to the support, (ii) they are 
deformed, and (iii) rupture spontaneously. In addition, neighbouring adsorbed vesicles can fuse and 
rupture to form a membrane on the hydrophilic support [151].  
 
The samples were placed vertically in an aluminium container, so that humidity 
and temperature (T=25 ± 0.1°C) could be controlled. Humidity was adjusted to 98% 
room-relative humidity by aqueous saturated solutions of K2SO4 in Teflon water 
baths at the base of the chamber. The contrast was varied by changing the 
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atmosphere in the sample container to three different compositions of D2O:H2O 
(8:92, 20:80, 50:50). After each change of the aqueous solution, the samples were 
left to equilibrate for 24 h. The diffraction intensity was measured by rocking scans, 
scanning the sample around the expected Bragg position θ by θ ± 2°. The duration of 




Scattering from the pure lipid bilayers was measured for different H2O:D2O 
ratios to determine the phases of F(h). The difference of the intensities for different 
ratios of D2O is due to the different scattering lengths of the hydrogen and the 
deuterium (bH=−0.37x10-14 m, bD=0.67x10-14 m). The difference at the scattering 
length density of the hydrophobic part is attributed to the Fourier truncation error of 
the calculation of F(h) [152]. According to Equation 3.4, the number (n) of the 
diffraction peaks is supposed to reach infinite. This experiment measured the first 





















Figure 3.10: Scattering length density in atomic units of the profiles at 8%, 20% and 50% D2O of a 
pure POPC (10 mg/ml) lipid multilayer sample. 
 
The differences between the peak intensities of the neutron scattering spectra 
translate to different structural factors and results in different scattering length 
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density profiles. Figure 3.10 shows the scattering density profiles of pure POPC 
lipid sample at 8%, 20% and 50% D2O. The two maxima of the scattering length 
density represent the polar headgroups of the lipids, while the trough in the middle 
represents the terminal of the methyl groups of the lipid chains. Due to the negative 
scattering length of hydrogen, the regions of the sample rich in hydrogen, give a 
more negative signal. The thickness of the lipid bilayer is 3.6 ± 0.05 nm, when 
measuring the distance between the hydrophilic heads (highest density profile). The 
same process was followed for the measurement of the scattering length density for 
the sample of POPC with TFA-pretreated Aβ42. 
Figure 3.11 (that follows) depicts the neutron scattering length profile for the 
POPC bilayers with TFA-pretreated Aβ42. The profiles for 20% and 50% D2O 
overlap in the hydrophobic area, as expected. The Fourier truncation error is small 

























Figure 3.11: Scattering length density in atomic units of the profiles at 8%, 20%, and 50% D2O of 
lipid bilayers consisted of POPC and Aβ42 (1.5:100 amyloid-to-lipid molar ratio). 
 
The thickness of the bilayer with the intercalated peptide has a slight change of 
-0.2 nm compared to the pure lipid bilayer of POPC, which is in accordance with the 
Profile depth (A°) 
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published work of Dante et al. [110, 153]. Comparing the profiles of samples with 
and without Aβ42, the modification of the scattering length density profile is notable, 
especially close to the centre of the bilayer (hydrophobic part). The presence of the 
Aβ42 induces a smearing out of the hydrophobic part in the lipid membrane, leading 
to thinning of the bilayer distance. There is a change in the scattering density profile 
in the bilayer, proving the perturbation of the hydrophobic part from the protonated 
Aβ42. From the Figure 3.12, the insertion of protonated Aβ42 reveals the change of 
the bilayer thickness, showing that the amyloid intercalates in the hydrophobic part 




















Figure 3.12: Scattering length density profile at 8% D2O in the direction normal to the membrane 
plane of the sample containing protonated Aβ42 (1.5:100 amyloid-to-lipid molar ratio). The profile of 
the pure lipid sample (red line) is shown as a reference. No direct information about the orientation of 
the peptide is obtained from our results. 
 
Similar sample preparation was followed for the deuterated Aβ42, but it seemed 
that the deuteration led to a slow swelling of the lipid vesicles. The scans of the 
sample showed that the d-spacing was increasing and could not stabilise. 
Additionally, the diffraction peaks were very broad and no more orders other than 
two could be obtained. 
In addition, similar measurements were performed on lipid bilayers made from 
lipid unilamellar vesicles and consisted of POPC:POPS (9:1) with Aβ42 of a 1.5% 
mole fraction. The samples were prepared according to section 3.3.5 with 30 mg of 
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POPC and 3 mg of POPS. Figure 3.13 is the graph of the density profiles of 
POPC:POPS (9:1 mole ratio). The difference in the chemical composition of the lipid 
bilayer gives a slightly different bilayer thickness and density profile. That is due to 
the presence of negatively charged hydrophilic parts of POPS in the lipid membrane. 
POPC:POPS is more hydrophilic, attracting more water molecules; therefore, the 
membrane thickness is slightly larger by about 0.1 nm, which is a sign of higher 
hydration. 
 
Figure 3.13: Comparison of the density profiles between POPC and POPC:POPS (9:1) lipid bilayers 
at 8% D2O. 
 
Two different pretreatments of Aβ42 were considered: the first with TFA and 
the second with NH4OH, according to Anaspec’s recommendation, where the 
peptide was purchased from. The pretreated peptide was added in the unilamellar 
vesicle solution and then spread on two quartz slides. When the solution dried, our 
samples were placed in the Al containers, according to the same process described 
before (section 3.3.4, 3.3.5). Unfortunately, from our neutron scattering results only 
three orders could be obtained, which was consequently not enough to create a 
complete scattering density profile. 
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3.3.7  Small-Angle X-Ray Scattering (SAXS) 
 
The small-angle X-ray scattering (SAXS) measurements on unilamellar 
vesicles can offer various information concerning the vesicle structure for different 
regions of the scattering vector q. The low q region (q<0.2 nm-1) is influenced by the 
vesicle shape and size. The vesicle radius R and the polydispersity can be extracted 
by this data. The high-q region (q>1 nm-1) is modulated by the thickness of the 
vesicle shell d and not by the vesicle radius and polydispersity. For monodisperse 
systems, the equation that describes the scattering intensity [147, 148] is:  
                                                               
 
I(q) = nF 2(q)S(q)                                   Equation 3.7 
where I(q) is the scattering vector, n is the particle density, F(q) is the form factor of 
the particles, and S(q) is the vesicle structure factor. The scattering vector magnitude 
is defined by:  
                                                                    
 
q = 4π sin(θ ) /λ                                       Equation 3.8 
where 2θ is the scattering angle and λ is the wavelength of the electrons λ=0.098 nm. 
The SAXS experiments were performed with synchrotron X-ray radiation at an 
ASAXS spectrometer of the Berliner XUV-light source BESSY II at the Helmholtz 
Zentrum Berlin. Two different distances of sample position to detector were used to 
obtain a q range from 0.041 to 3.5 nm-1. The spectra were collected at room 
temperature. The samples were exposed to polarised monochromatic X-rays of 
10keV for 1h. 
 
3.3.7.1 Sample preparation 
 
Lipid (20mg, POPC:POPS, 9:1 mole ratio) was dissolved in CHCl3 and then 
left to dry under an Ar stream and then under a vacuum for 1 h. The dried lipid film 
was resuspended in 2ml of PBS buffer (pH: 7.4, 170 mM NaCl, 3.4 mM KCl, 4 mM 
Na2HPO4, 2.4 mM KH2PO4); using a commercial extruder (Avestin, Mannheim, 
Germany) lipid unilamellar vesicles of 50nm were then formed using polycarbonate 
membranes with a 50nm pore size. Aβ42 peptide after being pretreated with TFA was 
induced in the lipid vesicles in various peptide-to-lipid mole ratios: 1%, 0.02%, and 
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0.001% in a lipid concentration of 5 mg/ml. We also prepared 10 mg/ml with 
ultrasonication to compare with the extruded vesicles. 
 
3.3.8 Results  
 
For the experiment the samples mounted were: (a) an empty capillary, (b) a 
capillary with PBS buffer (pH 7.4, 170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 
2.4 mM KH2PO4), (c) 5mg/ml lipids with 1% Aβ42, (d) 5mg/ml lipids with 0.02% 
Aβ42, (e) 5mg/ml lipids with 0.001% Aβ42, (f) extruded vesicles of 10mg/ml, and (g) 
bath-sonicated vesicles of 10 mg/ml. Furthermore, we tested extruded vesicles of 
higher concentration (10mg/ml) to check and compare the intensity scattering.  
The following graph reveals the SAXS measurements on the unilamellar 
vesicles showing the change of the scattering intensity I(q) (cm-1) in relation to the 
changes of the scattering vector q (nm-1). Unfortunately, our data is too noisy to 
















Figure 3.14: SAXS data from the unilamellar vesicles of POPC/POPS in PBS (pH 7.4, 170 mM NaCl, 
3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) at a concentration of 5 mg/ml (black), and in the 








Figure 3.15 presents the SAXS scattering of (a) 5 mg/ml of extruded (black), 
(b) 10mg/ml of extruded (blue), and (c) 10mg/ml of ultrasonicated (red) vesicles 






















Figure 3.15: SAXS data from the UVL of POPC:POPS in PBS (pH 7.4, 170 mM NaCl, 3.4 mM KCl, 4 
mM Na2HPO4, 2.4 mM KH2PO4) extruded vesicles at a concentration of 5 mg/ml (black), of extruded  
ones at 10 mg/ml (blue), of ultra sonicated vesicles (POPC/POPS) of 10 mg/ml (red), and of the PBS 
buffer (green). 
 
From the graph above, the extruded vesicles of 10 mg/ml give a much higher 
scattering than the extruded ones of 5 mg/ml. In addition, the extruded vesicles of 10 
mg/ml (blue) are unilamellar of uniform size, while the bath-sonicated ones have 
various peaks, proving that vesicles are multilamellar and not unilamellar. From 
Equation 3.8, the bilayer thickness can be derived: 




q                                           
Equation 3.9 
for q=1.1 nm-1 , d=5.2 nm. 
The SAXS measurements should be repeated in a higher lipid concentration and 
probably at a higher X-ray energy. This would help to improve the signal-to-noise 




3.4   CONCLUSIONS 
 
The DLS technique contributed to the study of various pretreatments of the 
Aβ42 such as trifluoroacetic acid (TFA), NH4OH, NaOH, and hexafluoroisopropanol 
(HFIP), in order to define which one keeps the amyloid in a monomeric form. Most 
of the studies recommend the TFA pretreatment as the most effective for the Aβ42 
aggregate destruction [112, 143]. The same technique was used in order to determine 
how all these pretreatments affect the lipid bilayer activity of Aβ42. The NH4OH and 
the TFA seem to be the most suitable pretreatments for the amyloid. For our 
experiments of SANS, TFA was used finally, due to the larger number of previous 
published literature [112, 143].  
The thickness of the POPC bilayer after the insertion of the Aβ42 diminished 
0.2 nm, which was in accordance with the published work of Dante et al.[110]. The 
Aβ42 induces a smearing out of the hydrophobic part in the lipid membrane, leading 
to thinning of the bilayer thickness. The change in the scattering density profile is in 
the bilayer, proving the perturbation of the hydrophobic part from the protonated 
Aβ42. This thinning might depend on the concentration of the peptide in the lipid 
bilayer. Lee et al. [154] showed that appropriate amounts of penetratin, which is an 
amphipathic molecule, may lead to the thinning of the lipid membrane. At a critical 
value, P/L*, this relationship changes the thickness of the membrane, gradually 
reaching the initial value. Below this critical point, the peptides are in α-helical form; 
thus, they penetrate the lipid membrane, leading to thinning, in the presence of 
anionic lipid membranes. As soon as this ratio exceeds the P/L*, the conformation 
changes to β-form and penetratin begins to increase the percentage in β-aggregates. 
Penetratin forms β-aggregates in the presence of anionic lipids even at low 
concentrations (0.1 μM). A similar mechanism is likely to take place for Aβ40 [155-
157] or Aβ42, even though the lipids used for the study of Lee et al. [154] were 
mainly anionic, while our system contains 10% of anionic POPS. 
For the deuterated Aβ42, it led the lipid vesicles to a slow swelling. The d-
spacing was increasing and could not stabilise. Additionally, the diffraction peaks 
were very broad and no more orders other than two could be obtained; thus, there is 
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no neutron diffraction data to compare its action with the protonated Aβ42. 
Protonation changes the charge of Aβ42, expecting a different result in the 
electrostatic interactions with the lipid bilayers. 
The variety of the techniques performed can shed some more light on the β-
amyloid interactions with the lipid bilayers. During this placement, there was useful 
knowledge gained on various amyloid pretreatments, on different ways of multi-
lamellar membranes’ preparation and, finally, on ways of imaging other than optical 
microscopy or AFM, which were used within the group in Edinburgh. Unfortunately, 
neutron diffraction and SAXS are not as able to measure changes in bilayer thickness 
as AFM. On the other hand, the experiments of SAXS can be performed remotely; 
consequently, the experiment is programmed to run for 5 or 6 hours with a defined 
end-time. Finally, due to the restricted time of the travel grant, as well as the 
restricted beamline availability, some of the unsuccessful experiments could not be 
repeated. Despite all the difficulties, this experience gave me the opportunity to work 
on a completely different technique and approach the same biological problem from 
a different point of view. DLS revealed the effectiveness of every pretreatment on 
Aβ42, which contributed to our further knowledge about the suitable pretreatment to 
follow during the rest of our experiments. In addition, this was another way to 
measure the thickness of the bilayers and the effect that Aβ42 had on POPC:POPS 
(9:1) lipid membranes. Finally, most of the experience concerning lipid multilayer 
and unilamellar vesicle preparation as well as handling with Aβ42 was gained with 





















4 Raman spectroscopy on lipids and β-
amyloid (Aβ42) peptide 
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4.1   ABSTRACT 
 
Raman spectroscopy is a useful tool to acquire the chemical fingerprint of a 
sample. For every sample under study, the Raman spectrum identifies its 
physicochemical signature. The definition of the chemical composition of the sample 
under study was a necessary precursor to the CARS experiments. It identified 
appropriate molecular vibrations to stimulate such that the frequencies of the 
individual molecular constituents of a sample would not overlap, so that the 
components of the sample could be clearly and accurately classified.  
In this chapter, the Raman spectra of the lipids used are acquired as well as for 
insulin fibrils with an extended study on β-amyloid peptide (Aβ42). The Raman 
spectra of an insulin sample revealed a rich β-sheet content supporting the existence 
of fibrils in the sample. In this chapter, Raman spectroscopy is used to investigate 
how the chemical environment can affect the protein conformation. 
The Raman spectrum can be divided into bands, indicating the conformation of 
the proteins [158]. The most useful Raman bands for protein characterisation are 
amide I and amide III bands [159]. Amide I (1600−1700 cm-1) is associated with the 
peptide group (Cα-NH-C=O) as well as the aromatic modes, and arises mainly from 
the C=O stretching vibration. It is sensitive to the secondary structure of the proteins. 
Amide III (1200−1320 cm-1) arises mainly from the in-phase combination of the NH 
bending and the CN stretching vibration. In proteins this mode is quite complex, as it 
depends on the side chain structure and on the multiple contributions of NH bending 
in this region [158]. 
Our samples’ Raman spectra were compared by changing various parameters: 
pH (pH 2 and pH 7.4), their concentration (22 to 220 μM), and incubation at 37°C 
for five days; finally, it was revealed how this protein changes after five months of 
being kept in the freezer at -20°C. 
Interpretation of Raman spectral decomposition of the protein profiles is under 
continuing refinement. The present analysis uses three major component bands for 
amide I, providing a semi-quantitative probe for the conformational changes in the 
secondary structure of the amyloid. For amide I, three bands were mainly assumed: 
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1652.5 ± 0.5 cm-1 for α-helix, 1670 ± 0.5 cm-1 for β-sheet, and 1684 ± 1 cm-1 for 
random coil. 
It was found that acidic pH favours β-sheet conformations, concluding that 
under these conditions the protein undergoes aggregation and forms amyloid fibrils. 
The change in the concentration (from 22μM to 220μM) led also to the increase of β-
sheet mode. High concentration promotes and stimulates aggregation to β-sheet 
conformational states. Finally, the incubation at 37°C for 5 days led to the formation 
of β-sheet rich structures. 
 
4.2   INTRODUCTION 
 
Raman spectroscopy can be used as a powerful tool to shed light on 
Alzheimer’s disease. There has been remarkable work done on brain tissue samples 
for the identification of AD [160]. Sudworth et al. [160], who performed Raman 
spectroscopy on three donor samples, demonstrated that the Raman bands of amide I 
and amide III are the most sensitive to protein conformation, with the peaks at 1667 
cm-1 and 1270 cm-1 being related to the β-sheet structure. Similar work with near-
infrared Raman spectroscopy [161] confirmed that amide I and amide III Raman 
regions identify that protein aggregation moves towards a β-pleated sheet structure 
for samples of Alzheimer’s and Huntington’s diseased. 
As mentioned and shown in chapter 1, the major soluble species of Aβ that 
have shown deleterious effects are: Aβ-derived diffusible ligands (ADDLs) [162], Aβ 
oligomers (AβO) [17, 18] that are globular species [163], as well as annular 
protofibrils (APF) [24], protofibrils [162, 164], and amylospheroids (ASPD) [25, 26]. 
These species comprise α-helical, random coil or β-pleated sheet conformational 
forms. Although the structure of Aβ has been elucidated with some disagreement 
about the exact structure [165-167], the soluble oligomers’ structure is not defined 
yet. The relationship of every conformational form with the progression of the 
disease is debatable.  
Aβ conformation shifts from α-helical to β-sheet with increasing concentration 
[168]. This was revealed by surface-enhanced Raman spectroscopy (SERS) to detect 
the Aβ40 conformation. Aβ40 samples of three different concentrations concluded that 
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the Aβ40 conformation shifts from α-helical to β-sheet with increasing concentration. 
The differences in peak intensities observed in the amide III region of 1200−1300 
cm-1 (that reflect the most important changes in proteins) were used to quantitatively 
analyse the secondary structure of the protein. The weakness of SERS concerning the 
protein assignments is the difficulty of predicting the effect that the metal surface has 
on the protein structure, as well as the way the metal can alter the kinetics of the self-
association process with the metal surface. Consequently, the Raman spectra 
presented herein cannot be directly compared to other Aβ aggregation experiments in 
solution, even though aggregation is regarded as the predominant intermolecular 
interaction at high concentrations. In addition, amide I bands shift to lower 
frequencies, with increasing α-helical content of Aβ [169] presented by ultraviolet 
resonance Raman (UVRR) spectra.  
Experiments performed on AD-infected hippocampus brain tissues of rats 
[170] revealed the presence of a peak at 1670 cm-1 which was attributed to the β-
sheet conformation. The spectral decomposition of amide I bands showed that the 
1670 cm-1 peak dominates after 8 days, while for normal tissues there are several 
peaks between 1650 cm-1 and 1665 cm-1 attributed to α-helical conformation [171]. 
Maiti et al.[172] performed Raman experiments to characterise the secondary 
structure of the natively unfolded protein α-synuclein. Their results are very 
important and supportive to our research, as α-synuclein is an amyloidogenic protein, 
like Aβ, and their aggregation paths have many similarities. The curve fit included 
the ring modes from aromatic residues at 1604 cm-1 and 1615 cm-1 and the amide I 
bands at 1650−1656 cm-1, 1664−1670 cm-1 and 1680 cm-1 assigned to the α-helical, 










4.3 MATERIALS AND METHODS 
 
4.3.1  Chemicals 
 
The lipids used were 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dipalmitoyl-sn glycero-3-phosphocholine (DPPC), and 1,2-dipalmitoyl(d62)-sn-
glycero-3-phosphocholine (D62PPC), all of which were purchased from Avanti Polar 
Lipids (AvantiR Inc.). 
The insulin fibrils were kindly supplied by Prof. Cait McPhee. Insulin from 
bovine pancreas was purchased from Sigma-Aldrich (cat. no. I5500) and kept in 
acidic pH to promote fibril formation. 
The β-amyloid peptide (Aβ42) was obtained from Anaspec (cat. no. 20276). The 
lyophilised peptide powder was treated with 1% (w/v) NH4OH as suggested by 
Anaspec, followed by dilution in PBS (170 mM NaCl, 3.4 mM KCl, 4 mM 
Na2HPO4, 2.4 mM KH2PO4) to a concentration of 0.2 mg/ml and being kept at -
20°C. There is a more detailed preparation description for each section. Previous 
studies [38, 173] have used NH4OH in order to break up any preformed aggregates, 
following a different protocol.  
 
4.3.2  Fundamentals of Raman spectroscopy 
 
The Raman effect is an inelastic scattering process named after the winner of 
the Nobel Prize in Physics in 1930: Chandrasekhara Raman. Before analysing the 
Raman effect, it is useful to introduce the definition of Rayleigh scattering. If we 
suppose that the sample consists of two vibrational levels, the following energy level 
diagram can provide more detail about the scattering. It is composed of two 
vibrational levels (ground state v=0 and the first vibrational excited state v=1) as 
well as the virtual energy states. Figure 4.1 illustrates the Stokes scattering in red, 
during which some photon energy is deposited in the molecular vibrations of the 
sample and scattered light is red-shifted, emitting light of lower energy than the 
incident. According to Rayleigh scattering (green), the scattered light has the same 
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frequency as the incoming light beam. During the anti-Stokes scattering in blue, a 
photon is emitted by the vibrating molecules and the scattered light is blue-shifted, 
emitting light of higher energy than the incident beam. When a strong light source 
such as a laser is focused on a sample, most of its energy will be scattered elastically; 
thus, the molecules of the sample are excited to a virtual electronic state and 
immediately returning to their initial state of releasing a photon without any energy 
loss. The energy emitted is equal to that of the incoming light and this process is 
called Rayleigh scattering. 
A molecule may also jump from an excited electronic state to an energy state 
of higher energy (Stokes scattering) or to a lower-energy one than the initial one 
(anti-Stokes scattering). This difference of energy between the incoming and the 
scattered photon is the Raman shift and is related to the energy difference between 
the vibrational energy levels of the molecule. The various vibrational modes of a 
molecule can be identified by the recognition of the Raman shifts (bands) of the light 

















Figure 4.1: Illustration of a simplified energy level diagram: Stokes scattering (red): some photon 
energy is deposited in the molecular vibrations of the sample and scattered light is red-shifted. 
Rayleigh scattering (green): scattered light has the same frequency as the incoming light beam. Anti-




















Raman scattering is inherently weak: 1 out of 1000 incident beam photons will 
be scattered as the Rayleigh beam, whilst only 1 in 10,000,000 photons will be 
scattered as Raman. For example, diatomic nitrogen (N2) has a Rayleigh scattering 
cross-section of 8.9x10-28 cm2/sr, while its Raman scattering cross-section is 5.5x10-
31 cm2/sr at wavelength λ=488nm. For solids, their difference can be over 106 [174]. 
According to classical theory, the electric field fluctuation of an incident 
electromagnetic wave (laser beam) depending on time is given by: 
 
                                                    tvEE 00 2cos π=                                           Equation 4.1 
 
where v0  is the frequency of the electromagnetic field. The induced electric dipole 
moment (P) for an irradiated molecule is: 
  
                                                            EP α=                                                   Equation 4.2 
where α is the polarisability. Then, the average rate of the total scattered radiation is 
given by: 
 







I π=                                          Equation 4.3 
 
The ability of a field to perturb the local electron cloud of a molecule depends on the 
relative location of its atoms. Thus, the polarisability is a function of the 
instantaneous position of the atoms that compose the molecule. 
For all the molecular bonds, the atoms are restricted to specific vibrational 
modes, in which the vibrational energy levels are quantised as the electronic energies 
are. The energy for a particular vibrational mode is given by: 
 
                                                     vibvib hvjE )2/1( +=                                     Equation 4.4 
where j is the vibrational quantum number (j= 0,1,2…), vvib is the frequency of the 
vibrational mode, and h is the Planck constant. 
A particular vibrational mode causes a displacement of the atoms around their 
equilibrium position and can be expressed as: 
 
                                                     )2cos(0 tvQdQ vibπ=                                    Equation 4.5 
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where Q0 is the maximum displacement from the equilibrium and dQ is the 
displacement of the atoms associated with the vibration of frequency vibv [175]. For a 
typical diatomic molecule (e.g. N2), the maximum displacement is about 10% of the 
total bond length. For very small displacements, the Taylor series expansion can 
express the polarisability as: 
 




ααα 0                                            Equation 4.6 
 
where 0α is the polarisability of the molecule when it is at the equilibrium position. 
According to the vibrational displacement (Eq. 4.5), the polarisability may be given 
as: 
 




+=                            Equation 4.7 
 
 
Consequently, Equation 4.3, after the Equation 4.7 substitution, is: 
 













)2cos( ππαπα  
Equation 4.8 
 
The first frequency term (from elastic scattering) corresponds to the incident 
Rayleigh scattering, while the remaining frequency terms (from inelastic scattering) 
correspond to Stokes or anti-Stokes and are shifted to higher vibvv +0  or lower 
vibvv −0  frequencies respectively.  
According to Equation 4.8, the oscillation amplitudes of the resulting dipole 
moment are directly proportional to the amplitude of the electric field of the incident 
beam E0. Rayleigh scattering depends on 0α  which is the polarisability of the 
molecule at an equilibrium, while Raman scattering (Stokes and anti-Stokes) is 
defined by
Q∂
∂α . This represents the sensitivity of molecular polarisability to the 
vibrational displacement of the atoms. To be Raman-active, a molecule must have 
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anisotropic polarisability. Thus, the condition for Raman scattering is that the change 
in polarisability must be non-zero (
Q∂
∂α ≠0).  
Raman scattering can be described by the quantised nature of a molecule’s 
energy levels. Every molecule consists of a number of electronic states, each of 
which contains a limited number of vibrational and rotational states with values 
equivalent to the energy required to induce a stable vibration or rotation to the 
molecule. 
In addition to vibrational transitions, Raman scattering can also arise from 
rotational transitions of the molecules from which the scattering occurs. Rotational 
structure can be observed in high-resolution Raman spectra. This is one reason why 
the vibrational modes are broad in liquids. The selection rule for the vibrational 
modes between which Stokes or anti-Stokes scattering can take place is: Δv = ±1 
(“+” for Stokes and “-” for anti-Stokes).  
In atoms the polarisability is isotropic and the atom acts like an antenna re-
radiating at the incident frequency; consequently, only Rayleigh scattering can be 
observed. In molecules the polarisability may be anisotropic depending on the 
















4.3.3  Molecular vibrations 
 
The theory described so far concerns a single type of vibration of a single bond 
within the molecules. In nature, the simplest molecules can vibrate in a variety of 
ways and not all will be Raman-active. A non-linear molecule with N atoms has 3N-
6 normal modes of vibration [176]. Consider the methylene group (-CH2-) in the 








The atoms in this group can vibrate in six different ways: symmetrical and anti-
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 Symmetrical stretching: the length of the bond changes symmetrically for C-
H. 
 Anti-symmetrical stretching: when the first C-H bond is extended, the second 
one is shortened. 
 Bending: the angle between the two bonds C-H changes (HCH angle). 
 Rocking: the angle between the methylene group and the rest of the molecule 
changes. 
 Wagging: the angle between the plane of the methylene and the plane through 
the rest of the molecules changes. 
 Twisting: the angle between the planes of two methylene groups changes. 
In rocking, wagging and twisting modes, the bond lengths do not change − 
only the angles do. In ethylene (C2H4) there are twelve internal coordinates: four C-
H stretching, one C-C stretching, two H-C-H bending, two CH2 rocking, two CH2 
wagging, one twisting. The vibrational frequency of an individual bond can be 
affected by one or more proximal bonds. In such a case, the observation of a group 
bond occurs [177].  
 
4.3.4  Instrumental set-up 
 
An InVia Raman microscope (Renishaw plc., UK) was used for all the Raman 
measurements. The Renishaw Raman spectrometer was connected to a DM-IRB 
inverted microscope (Leica MicroSystems, Germany), and a 40x/0.65 N.A objective 
lens (Leica MicroSystems, Germany) was used to focus the beam on the sample. A 
digital webcam was coupled with the Raman software (WiRE 2.0) for sample 
visualisation and mapping.  
The following scheme illustrates the main components of the InVia system. 
The excitation laser source used was a 400 mW diode laser emitting at 785 nm. The 
laser power on the sample was measured to be approximately 50 mW after the 
objective lens. The total laser power could be attenuated by a variety of neutral 
density filters (ND) which were remotely controlled by the software. For the 




Figure 4.3: Illustration of Renishaw InVia Raman microscope depicting all the optical components 
and the beam paths. The components that are labelled: PF: Plasma Filter, ND: Neutral Density filter, 
BE: Beam Expander, M: Mirror, HNF: Holographic Notch Filter, Obj: Microscope Objective, TM: 
Triangular Mirror, DG: Diffraction Grating. The incoming and the scattered laser beam are coloured 
in grey and red respectively. 
 
The scattered light is collected through the reflection path. The holographic 
notch filter (HNF) reflects the Rayleigh beam and allows the transmission of the 
Raman scattering. The Raman scattered light is diffracted into its individual 
wavelengths using a 1200 line/mm grating. The emitted light is detected by a 
Rencam thermoelectrically cooled charge-coupled device (CCD) with a 22 μm pixel 
size. The SynchroScan mode in the WiRe 2.0 software allows the extended 
inquisition of the spectral range by moving the diffraction grating while the CCD 
image is shifted at the same speed. This leads to an extended spectral acquisition 
time. Without this SynchroScan mode, the CCD acquires a limited single static range 
of 570 cm-1. A precise motorised xyz stage (Prior Scientific, UK) controls the 
movements of the sample on the microscope. The slit greatly reduces the out-of-
plane light on the vertical axis; simultaneously, the binned charge-coupled device 
















• System calibration 
 
In order to optimise our spectral acquisition, a silicon sample was used to 
calibrate our system before every measurement. The Si peak is at 520 cm-1 ± 1 cm-1. 
 
 
























4.4   RESULTS 
4.4.1  Lipids 
 
We first acquired the Raman spectra (450 to 3200 cm-1) of the lipids used in 
this experiment. Figure 4.5 presents all the spectra normalised to the highest 
intensity. The calibration of the Raman spectra of the lipids was performed by the 
overlap of the ester C=O peak at 1736 cm-1 [178]. 
 
Figure 4.5: Raman spectra of 0.1mg D62PPC (yellow), DPPC (red), DOPC (cyan) powders, 
0.2mg/ml Aβ42 (purple) in PBS (170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) with 
exposure time 10s. 
 
Both DOPC and DPPC give a strong and broad signal at the C-H stretching 
region of 2845 to 2930 cm-1, which is attributed to C-H2 and C-H3 symmetrical and 
asymmetrical stretches, while the deuterated D62PPC has a strong peak from 2067 to 
2195 cm-1 with the highest signal being at 2099 cm-1 due to the C-D2 symmetrical 
stretch. The principal difference in vibrational modes between the unsaturated DOPC 
lipid and the saturated DPPC and D62PPC lipids is the C=C bond at 1653 cm-1. 
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The purple square on the Aβ42 graph frames the amide I region (1580 − 1700 
cm-1). The peaks assigned in the purple square comprise the "aromatic ring breathing 
modes" for Tyrosine and for Phenol [179, 180] at 1604 cm-1 and the high peak at 
1670 cm-1 that identifies the existence of β-sheet structures. This area can be used to 
identify the presence of amyloid in a lipid solution when using any of the lipids 
except for the unsaturated one (DOPC), in which case the peak of C=C overlaps with 
the amide I. 
The different assignments of the Raman spectra of the lipids give CARS the 
advantage of imaging different chemical species in the same biological system with 
the same experimental set-up. Consequently, CARS can reveal phase separation in a 
lipid vesicle, as well as any particular preference of the Aβ42 of binding on a specific 
lipid phase. 
4.4.2  Bovine insulin fibrils 
 
Before we started our experiments with Aβ42, we performed Raman measurements 
on bovine insulin fibrils. Figure 4.6 depicts a representative Raman spectrum of 
these fibrils (450−3200cm-1); 50 µl of 2mM bovine insulin solution in HCl was 
placed on an MgF2 substrate. MgF2 was selected as a substrate, as its Raman 
signature provides minimal background to the sample signal. The buffer spectrum 
with a peak due to the H-O-H bending mode vibration (~1645 cm-1) was subtracted 
from the Raman profile. The bands that indicate the major changes of a protein 
structure are amide I (1600−1700 cm-1) and amide III (1200−1350 cm-1). 
Figure 4.6: Raman spectrum (450−3200 cm-1) of 2mM bovine insulin fibrils on an MgF2 substrate. 
Laser power: 50 mW Acquisition time: 10 s x 10 times 
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4.4.2.1 Curve fitting of the amide I profile 
 
Changes in secondary structure were investigated by analysing the amide I 
Raman band. The extended amide I region (1550−1750 cm-1) was fitted assuming 
three component bands were representing the various secondary structural 
conformations: an α-helical band at 1661 cm-1, organised β-sheet component band at 
1673 cm-1, and contributions from loose β-strands and disordered or random coil 
structure near 1680 cm-1 [181]. Accurate fitting of an experimental profile required 
an additional feature near 1632 cm-1 whose origin is uncertain; possible origins are 
disordered structures [182] or vibronic coupling, or both [182, 183]. According to 
Sane et al. [182], the peak at 1632cm-1 could be from bound water molecules on the 
protein, whose bending frequency is not the same as the bulk water and, thus, is not 
subtracted. Another more likely explanation is that this peak is a result of the stronger 
intermolecular H-bonding of a higher concentration of β-sheet structure [184]. 
However, the exact positions of these bands depend on the changes in strength and 
arrangement of H-bonding that affect the frequency of the C=O stretching (amide I) 
vibration. Therefore, a stronger hydrogen bond will result in a lower frequency of the 
C=O (amide I) stretching vibration. It has also been suggested that factors such as 
interchain coupling between adjacent peptide units should play a role in determining 
the frequency of the amide I vibration [185]. Three bands at 1585cm-1, 1605 cm-1 and 
1617cm-1, assigned to ring modes of Phe and Tyr, were included. 
The present analysis using four major component bands provides a robust and 
semiquantitative probe of changes in the secondary structure. In order to resolve β- 
sheet and α-helical contributions, WiRE 2.0 software was used for curve fitting. A 
mixed 50% Gaussian and Lorentzian peak-fitting algorithm was employed with a 
limited <45cm-1 bandwidth at half height (BWHH). The bandwidth was chosen after 
experimental observation of the peak widths of α-helical and β-sheet subunits. 
The amide I mode is a characteristic band of the peptide group that involves the 
C=O stretching mode with some minor contributions from Cα-N and N-H motions 
[186]. The amide I profile in Figure 4.7 contains contributions from β-sheets and α-
helical moieties, as well as from disordered residues.  
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In all the following spectra, that are analysed by WiRE 2.0, the red line is the 
Raman real measurement, the green curves are the mixed Gaussian-Lorentzian 
deconvoluted curves, and the blue line is the total fit line after the deconvolution. 
The band at 1661 cm-1 arises from α-helices, whereas 1673 cm-1 is the β-sheet 
fingerprint [170]. The peaks at 1585.4 cm-1, 1605.1 cm-1 and 1616.9 cm-1 are a result 
of ring C-C stretching modes of phenylalanine and tyrosine [164, 187]. Finally, the 
peak at 1680.2 cm-1 is a random coil or β-strand (which also includes a minor 
contribution from disordered segments) [172]. In this case of insulin fibrils, it seems 
that the β-sheet conformation is the most dominant and something similar is expected 
for the case of Aβ42 fibrils. Finally, the peak near 1632 cm-1 indicates the stronger 














Figure 4.7: Analysis of the amide I mode of 2mM insulin spectrum (1550−1750 cm-1). The peaks were 
deconvoluted using Renishaw WiRE 2.0 software. The amide I band can be deconvoluted into five 



















4.4.3  Aβ42 Raman study of various parameters 
 
In order to acquire the chemical fingerprint of the Aβ42 of various 
conformations, different solutions of varying pH (pH 2 and pH 7.4), concentration 
and temperature were studied. 
For the amide I region, a simple curve-fitting technique was applied to analyse 
the contributions from different secondary conformations. The assignments 
concerning the α-helix, β-sheet and random coil Raman modes were in accordance 
with previous Raman studies on Aβ but also on AD brain tissues [160, 170]. Three 
bands were mainly assumed: 1652.5 cm-1 for α-helix, 1670.5 cm-1 for β-sheet and 
1684 cm-1 for random coil. Accurate fitting of the amide I profile required the 
inclusion of an additional component between 1630 cm-1 and 1640 cm-1, for which 
the assignment is uncertain. According to literature, possible sources could be 
vibronic coupling (i.e. intermolecular H-bonding of the β-sheet structure) [185] or 
some disordered structures [182] but also contribution from the β-sheet structure as 
proposed by IR studies [188].  
These peaks were restricted by the BWHH <45 cm-1 which was adopted as an 
additional constraint to the band fits. The bands at 1586.6 cm-1 and 1605.8 cm-1 that 
indicate the aromatic residues of Phe [189] as well as the 1616.6 cm-1 that indicate 
the residues of Tyrosine need to be included in the band fitting to assign the ring 
modes from the aromatic residues Phe and Tyr. Bulk buffer and baseline have been 
subtracted from these spectra. Finally the acquisition time of each spectrum was 
100s.  
All of the following Aβ42 solutions were pretreated with 1% (w/v) NH4OH as 













4.4.3.1 pH effect 
 
The first Aβ42 solution was prepared at pH 7.4 in PBS (170 mM NaCl, 3.4 mM 
KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) at concentration c=0.1 mg/ml (22 μM). 
The second Aβ42 solution was prepared at acidic pH 2 (200 mM KCl, 200 mM HCl). 
The laser power was P=50 mW. Our analysis is focused around the amide I band 
(1600−1700 cm-1). The following spectra from 900 cm-1 to 1800 cm-1 depict the 




























Figure 4.8: Raman spectrum 900−1800 cm-1 of 22 µM Aβ42 of (a) pH 7.4 (170 mM NaCl, 3.4 mM 
KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4), (b) pH 2 (200 mM KCl, 200 mM HCl). 
 
The area between 900 cm-1 and 1800 cm-1 is chosen for further deconvolution 
analysis as this is the spectral range that includes the Phe assignment at 1005 cm-1 as 
well as the amide I that are sensitive to the proteins’ conformations. 
(a) pH 7.4  


























Figure 4.9: Amide I deconvolution of 22 µM Aβ42 in (a) pH 7.4 (170 mM NaCl, 3.4 mM KCl, 4 mM 
Na2HPO4, 2.4 mM KH2PO4) , (b) pH 2 (200mM KCl, 200mM HCl). 
 
The solution of Figure 4.9 (a) was prepared at pH 7.4 (170 mM NaCl, 3.4 mM 
KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4). Comparing the areas between α-helical 
and β-sheet or random coil content, the deconvolution of the amide I band reveals 
that the α-helical content is overwhelming (α-helix/ β-sheet =2.43 ± 0.2) revealing 
the α-helical state of the protein, while the random coil is almost as low as β-sheet 
(α-helix/ random coil = 2.32 ± 0.2). Finally, the band at 1636 cm-1 indicating the H-
bonding is almost negligible. In these conditions, the protein is mainly in a 
monomeric or oligomeric form.  
For Figure 4.9 (b), the solution was prepared at pH 2 (200 mM KCl, 200 mM 
HCl). For the acidic pH, the ratio of α-helix to β-sheet is 1.55±0.2, much lower than 
the ratio for pH 7.4. This shows that the acidic pH promotes the β-sheet formation. 
The β-sheet conformations seem to be rather extended than well folded, as depicted 













(b) pH 2  
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some kind of disordered structures [26], as mentioned earlier. Another reason for 
these differences could be the different buffer used for the acidic pH. The 
comparison of the two spectra shows differences in intensities of amide I and III but 
also in the ratios of the peaks. This is attributed to the various local concentrations of 
the protein structures the laser is focused on. The solutions might have the same 
concentration but they are not completely homogeneous. 
 
 
Figure 4.10: Comparison of the normalised Raman spectra of 22µM Aβ42 solution of pH 2 (200 mM 
KCl, 200 mM HCl) and pH 7.4 (170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4). 
 
The superposition of the two spectra in Figure 4.10 reveals the difference in 
amide I and III. For amide I, it is clear that at physiological pH 7.4 the α-helical 
content is dominating; moreover, in this chemical environment, the protein most 
possibly is in a mixture with oligomers. The acidic pH 2 did not reveal the high β-
sheet structure, as shown before in chapter 3, but revealed the increase of the β-sheet 
mode that is a sign of fibril formation.  
Previous CD studies on Aβ40 [190] did not reveal any strong influence on the 
conformation due to the NaCl strength variation. FTIR and DLS studies performed 
by Jain et al.[191] on mouse prion protein (MoPrP) suggest that salt concentrations 




studies to date mention the different influence of Na+ or K+ on Aβ conformation. 
This has only been considered during the freezing stage of lyophilisation [192], but 
this is not included in our protocol. 
4.4.3.2 The concentration effect 
 
Another sample was studied with 10 times higher Aβ42, concentration (220µM) at 
pH 7.4 (170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4). Figure 
4.11 depicts the Raman spectrum 900−1800 cm-1 of 220µM Aβ42, and Figure 4.12 
reveals the amide I peak deconvolution of 1550−1750 cm-1. 
 
Figure 4.11: Raman spectrum (900−1800 cm-1) of 220 µM Aβ42 in PBS (170 mM NaCl, 3.4 mM KCl, 















Figure 4.12: Amide I deconvolution (1500−1800 cm-1) of Aβ42 in PBS (170 mM NaCl, 3.4 mM KCl, 4 
mM Na2HPO4, 2.4 mM KH2PO4) at 220 µM. 
 
Comparing Figure 4.9 (a) and Figure 4.11, which depict the Raman spectra of 








buffer, the ratio of α-helical to β-sheet for the less concentrated solution of 22 µM is 
2.43 ± 0.2. For the higher concentration of 220 µM, this ratio is 0.48 ± 0.2, revealing 
the domination of β-sheet conformation with increasing concentration. The peak at 
1632.9 cm-1 is four times more intense than at low concentration, reflecting the high 
intermolecular H-bonding of the β-sheet structure. The random coil at 1684.3cm-1 
assignment is dominant here and quite extended (random coil to α-helical = 1.16 ± 
0.2, random coil to β-sheet = 0.55 ± 0.2) 
The graph in Figure 4.13 depicts the two Raman spectra of the Aβ42 in PBS 
(170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) of low (22 µM, 
dark red) and high concentration (220 µM, green). The main peak of amide I for the 
less concentrated sample (22 µM, dark red) is overwhelmed by the α-helical mode at 
1652.6 cm-1, while the more concentrated sample (220 µM, green) is dominated by 
the β-sheet conformation at 1670 cm-1 as well as the random coil mode at 1684.3 cm-
1. It has already been observed that at high concentrations the Aβ42 forms linear 
protofibrillar assemblies [43]. These assemblies are rich in β-sheet content. 
 
 
Figure 4.13: Comparison between the Raman spectra (900−1800 cm-1) of different concentrations of 
22 µM Aβ42 (dark red) and 220 µM (green) at pH 7.4 (170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 





4.4.3.3 Temporal effect (five months later) 
 
Stock protein solutions were kept in the freezer (-20°C) for 5 months, after 
which Raman spectra were acquired from the Aβ42 solution at pH 2 (200 mM KCl, 











Figure 4.14: Raman spectrum (900−1800 cm-1) of 22 µM Aβ42 at pH 2 (200 mM KCl, 200 mM HCl), 











Figure 4.15: Amide I deconvolution of 22µM Aβ42 at pH 2 (200 mM KCl, 200 mM HCl), after 5 
months storage at -20°C. 
 
In this case the ratio of α-helical conformation at 1652.3 cm-1 to the β-sheet 
band at 1670.3 cm-1 is 2.55 ± 0.2, revealing the coexistence of both conformations, 
with the α-helical mode dominating. The peak at 1633.3 cm-1 is assigned to hydrogen 
bonding and is due to the high β-sheet content. It indicates an increase in the number 







pH 2  
pH 2  
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shorter H-bonds) [193, 194], as expected in extremely stable structures such as fibrils 
[184].  
Figure 4.16 illustrates both of the spectra of fresh Aβ42 (yellow) and of the Aβ42 
stored at -20°C for 5 months (purple), both of which are dissolved in pH 2 (200 mM 
KCl, 200 mM HCl). 
 
 
Figure 4.16: Comparison in time of the normalised Raman spectra (900–1800 cm-1) of 22µM Aβ42 
fresh (yellow) and 5 months old (purple) at pH 2 (200 mM KCl, 200 mM HCl). 
 
 
Focusing on the amide I graphs of Figure 4.9 (b) and Figure 4.15 (b), the ratio 
of α-helical to β-sheet assignment area is 2.32 ± 0.2 for the fresh sample and 2.55 ± 
0.2, showing a slight decrease of the β-sheet mode compared to the α-helical mode. 
In addition, the peaks assigned to the aromatic modes Phe and Tyr show a higher 
Raman scattering after 5 months compared with the fresh samples. The band of 1636 
cm-1 of the fresh sample shifts to 1633 cm-1 and shows a considerable increase of the 
area of the deconvoluted band of ten times. This can be an interesting shift because it 






4.4.3.4 The temperature effect  
 
In order to test the influence of temperature on the β-amyloid conformation, 
samples of 22 µM Aβ42 were kept for five days at 37°C in an incubator at pH 7.4 
(170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4). After incubation 
the sample was placed on MgF2 substrates and imaged at room temperature (T = 
21°C). 
The following spectrum is a representative one of 22 µM Aβ42 (170 mM NaCl, 3.4 
mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4). The second spectrum is used from 























Figure 4.17: Raman spectra of 22µM Aβ42 (900–1800 cm-1) at pH 7.4 (170 mM NaCl, 3.4 mM KCl, 4 








Differences between the amide I bands (1550−1750 cm-1) in the two spectra 
(Figure 4.17 (a) and (b)) are analysed through the band deconvolution of amide I. 

























Figure 4.18: Amide I deconvolution of the Raman spectra of 22µM Aβ42 at pH 7.4 (170 mM NaCl, 3.4 
mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4): (a) incubated for 5 days at 37°C and (b) imaged fresh 
at 21°C. 
 
For the protein solution of 22µM Aβ42 the ratio of α-helix to β-sheet is 0.37 ± 
0.2, revealing the β-sheet domination. The α-helical band is quite extended and 
moves towards a β-sheet conformation, thus proving that the incubation in 37°C 
promotes a faster conversion to β-sheet conformation of the Aβ42. The band at 1685 
cm-1 is attributed to the random coils [172, 194] and is negligible (random coil/β-
sheet: 0.13 ± 0.2). 
For sample (b), imaged fresh at T=21°C without incubation, the α-helical 
















of the protein, while the random coil is almost as low as β-sheet (α-helix/random coil 
= 2.32 ± 0.2).  
 
 
Figure 4.19: Raman spectra (950−1800 cm-1) for 22μM Aβ42 solution at pH 7.4 (170 mM NaCl, 3.4 
mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) of a fresh one imaged at 21°C (grey) and an incubated 
one for 5 days at T= 37°C (red). 
 
Figure 4.19 reveals the differences between the spectra of 22 µM Aβ42 
solutions. The first (grey) was tested at room temperature (T=21°C); the second was 
first incubated at T=37°C for 5 days and then Raman spectroscopy was performed 
once the solution had reached room temperature (T=21°C). The Raman spectrum of 
the incubated Aβ42 solution at 37°C reveals a significant shift of the amide I band 
towards β-sheet assignment. The amide I band of the red spectrum is confined for 
well-formed β-sheet structures, while the band of the fresh sample (grey line) is 
shifted towards the α-helical mode, revealing the coexistence of a significant amount 
of random coil and β-sheet structures.  
According to previous FTIR studies of Lin et al. [195], the thermal 
denaturation plays an important role in the structural transformation from α-helix or 




The following table summarises our results of the amide I band deconvolution, 
specifying the α-helix, β-sheet and random coil conformations, their width and 
percentage area. It is a more direct way to compare the deconvoluted peaks and draw 
some conclusions. 
 α-helix 1652.5 ± 0.5 cm-1 
β-sheet 
1670 ± 0.5 cm-1 
Random coil 
1684 ± 1 cm-1 
 width (cm-1) % area 
width  
(cm-1) % area 
width 
(cm-1) % area 
pH 7.4 20.58 34.5 % 20.33 14.2 % 24.71 14.8 % 
pH 2 19.39 48.5 % 26.48 31.3 % 24.5 5.8 % 
pH 7.4 
(220 µM)  23.79 14.2 % 18.14 29.8 % 35.10 16.5 % 
pH 2 
(5 months) 19.10 35 % 18.51 13.7 % 21.97 7.9 % 
pH 7.4 
incubated 
at 37 °C 
27.8 18.3 % 17.75 48.8 % 21.13 6.5 % 
Table 4-1: Curve fitting of amide I mode of Aβ42 summarising the results from the amide I 
deconvolution. It illustrates the conformations of α-helix, β-sheet and random coil as well as their 
width and percentage of deconvoluted area. 
 
The solution of 22µM Aβ42 at pH 2 contains a larger amount of α-helical 
conformations but a more substantial amount of β-sheet mode, which is suggestive of 
the favouring of β-sheet in acidic pH. Furthermore, the increase of the Aβ42 
concentration at pH 7.4 stimulates a significant rise of β-sheet while the α-helical is 
reduced. In addition, when the Aβ solution of pH 7.4 is incubated at 37 °C, the β-
sheet shows a considerable increase while α-helical decreases.  
Connecting the chemical environment of the protein to the secondary structure 
of the amyloid is a good way to control the aggregation path that seems to be defined 









4.5   CONCLUSIONS 
 
In this chapter, the Raman spectra of the lipids used for the study of the lipid 
bilayers were acquired and compared with the spectrum of β-amyloid (Aβ42) 
solution. The Raman study of the Aβ42 conformational states under different chemical 
environments gives a more comprehensive understanding of the Aβ42 conformational 
changes in respect to a varying chemical environment. In addition, this acts as a 
prelude to the following chapter on coherent anti-Stokes Raman scattering (CARS) 
microscopy. 
The Raman spectrum on insulin fibrils revealed their rich β-sheet content. This 
helps us to confirm the association of high β-sheet content with the existence of 
fibrils in the sample, which is already well established [196, 197].  
To our knowledge, this is the first time Raman spectroscopy has focused on 
amide I of Aβ42 in acidic pH 2 and physiological pH 7.4. Consequently, most of our 
assignments are based on previous research done on other amyloids (α-synuclein) 
[172], other proteins (insulin) [198, 199], prion proteins [191] or Raman 
spectroscopy on AD tissues [160, 170]. Studies on Aβ42 using different methods such 
as ultra-violet Raman resonance spectroscopy (UVRR) [164, 169] and, surface-
enhanced Raman spectroscopy (SERS) [168] were also considered. 
Our samples were compared by changing various parameters: pH (pH 2 and pH 
7.4), concentration (22 μM to 220 μM), incubation at 37°C for five days, and finally, 
how this protein changes after five months of being kept in the freezer at -20°C. The 
Aβ42 solution of acidic pH (200 mM KCl, 200 mM HCl) showed a lower percentage 
of α-helical moieties and higher β-sheet content, compared to the solution of pH 7.4 
(170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4). This can lead to 
the conclusion that the fresh sample at pH 7.4 is a mixture of moieties of mainly α-
helical mode but also β-sheet and random coil in smaller amounts. As already 
mentioned in section 4.4.3.1, no available studies report the different influence of 
Na+ or K+ on Aβ conformation only during the freezing stage of lyophilisation 
[200], but this is not included in this study. 
Amide I is shifted to lower wavenumbers for the less concentrated sample due 
to the α-helical content, while at higher concentrations of Aβ42, the amide I band is 
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slightly wider and shifted to higher wavenumbers as β-sheet dominates. It has been 
observed that at high concentrations, Aβ42 forms linear protofibrillar assemblies [43] 
which are rich in β-sheet content. High concentration promotes and stimulates 
aggregation to β-sheet conformational states. The change in the concentration of Aβ42 
(22 μM to 220 μM) revealed changes in the percentage area of the assignments, but 
also in the conformational modes. The β-sheet content is 14.2% for 22µM solution 
and 29.8% for the solution of 220 µM. The spectrum deconvolution for the 220 μM 
solution revealed a very low α-helical content (14.2%).  
Aβ42 undergoes negligible changes while being kept in the freezer (-20°C), and 
remains close to its state after 5 months. Finally, the incubation at T=37°C for 5 days 
promoted the formation of β-sheet structures and can be considered the factor of our 
experiments with the most effective result in Aβ42 conformation. 
Several studies on different Aβ peptides have shown that the formation of a 
partially helical intermediate is a general feature of Aβ fibril formation [38, 173, 
201]. Each Aβ monomer does not fold or assemble simultaneously with every other 
monomer; consequently, there is a distribution of conformational or assembly states 
prior to the fibril formation [201]. This could explain the coexistence of unstructured 
Aβ monomers, helix-containing oligomers and fibrils. Benseny-Cases et al. [202] 
studied the fibrillisation of Aβ40 stained with thioflavin T (ThT) using FTIR 
concluding that the formation of non-fibrillar aggregated β-sheet structures takes 
place during the nucleation process when large globular oligomers are detected. 
These oligomeric species are a mixture of unordered, helical and intermolecular non-
fibrillar β-sheet structures. 
It is very important to know how the protein reacts to changes in the chemical 
environment and the kind of conformational changes it undergoes. Drugs can be 
designed for every stage of the aggregation path and their effectiveness on the 




















5 Multilamellar Vesicles Imaged by 
Coherent Anti-Stokes Raman 




5.1   ABSTRACT 
 
Work is presented utilising both coherent anti-Stokes Raman scattering 
(CARS) and two-photon excitation fluorescence (TPEF) microscopy to image multi-
lamellar lipid vesicles such that interactions with β-amyloid (Aβ42) peptide may be 
discerned. For the vesicle formation, various protocols were tested; it was concluded 
that neutral osmolytes of monosaccharides such as glucose, yields an effective 
number of cell-size giant liposomes. It is the first time that CARS imaging studies 
report Aβ42 interactions with lipid vesicles. This effort builds on work reported in the 
literature revealing the advantages and disadvantages of imaging methods. The 
mechanism of Aβ42 insertion that is indicated by our results is the carpet-like 
mechanism when at a lipid to peptide ratio of 150:1. 
 
5.2   INTRODUCTION 
 
CARS microscopy has become a powerful imaging technique for vibrational 
imaging. It is a highly effective imaging technique for lipid membrane imaging due 
to the high content of carbon to hydrogen bonds (C-H) in the fatty-acid tails that 
yield high CARS signals [203, 204]. 
The first report of single bilayer imaging was from Potma et al. [205] who 
imaged a single bilayer of an erythrocyte ghost by tuning the excitation lasers to 
resonate the C-H stretching vibration at 2845 cm-1. In addition, multilamellar vesicles 
consisting of neutral POPC and negatively charged POPS dispersed in deuterated 
dodecane have been studied [206]. This work explores the strong ordering of water 
molecules sandwiched between the lipid bilayers with their dipoles aligned and 
reveals the hydration force inbetween the lipid bilayers.  
The same group, Potma et al.[207] visualised lipid phase separation in a single 
bilayer consisting of equal molarities of deuterated 1,2-distearoyl(d70)-sn-glycero-3-
phosphocholine (d(70)DSPC) and unsaturated DOPC. By adding 1% of the 
fluorescent lipid rho-DPPE, Potma et al. [207] was able to achieve simultaneous 
CARS and TPEF imaging.  
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Finally, Li and Cheng [208] imaged the different phases of a DOPC/DPPC 
(1:1) planar bilayer patch, presenting the contrast generated by different molecular 
packing between the liquid-disordered phase (LD) and the gel (So) phases. There are 
no previous CARS imaging publications considering the lipid bilayer interactions 
with any Aβ peptide. Consequently, the work herein is the first to report the use of 
CARS imaging to study the dynamic processes with this experimental system. 
There are some TPEF imaging studies on membrane leakage induced by 
antibiotic peptides such as maculatin, citropin and aurein from Ambroggio et 
al.[103]. POPC giant unilamellar vesicles (GUVs) were filled with 
carboxyfluorescein, and then exposed to the antibiotic peptides. A bidirectional flux 
from the inner part of the vesicle to the outer part took place. Two mechanisms of 
disruption were observed; the lytic peptide maculatin demonstrated a pore-forming 
mechanism, while citropin and aurein were assigned to a carpet-like mechanism of 
lytic action. Fluorescence studies [102] also showed that Aβ42 induced leakage to 
POPC GUVS filled with Alexa488 (dextran), after being exposed to 7.5μM of Aβ42. 
They concluded that Aβ42 associates directly with the lipid bilayer altering its 
mechanical properties. The amyloid-bilayer interaction induces changes in the 
membrane and forms leaky amyloid-lipid supramolecular structures in the membrane 
[102].  
 
5.3    MATERIALS AND METHODS 
 
5.3.1  Two photon excitation fluorescence microscopy 
 
In photonics, the process of absorption, in its simplest form, occurs when a 
single photon interacts with a molecule in its ground state and promotes an electron 
to a higher energy orbital. In addition to this simple form of absorption, there are 
other more complicated schemes describing simultaneous absorption of multiple 
photons. Absorption in these cases involves interaction of the molecule in the ground 
state with more photons to promote an electron to a higher energy molecular orbital. 
The total transition is a multi-step process, while each step involves the independent 
absorption of a single photon; thus, it is a resonant absorption. The molecule absorbs 
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a photon, populates an excited state, and before the transition to the ground state 
occurs, the molecule absorbs a second photon populating a higher excited state, and 
so on. The transition from the ground to the final state may involve the participation 
of intermediate virtual states, if the absorption of a single photon is not resonant, i.e. 
if the energy of the absorbed photon does not coincide with the energy difference of 
two energy states. The total transition includes a series of virtual transitions, each 
occurring with a violation of energy conservation, and is referred as ‘multi-photon 
absorption’. [209] 
 
Figure 5.1: Potential energy (jablonski) diagram showing the two-photon absorption through a 
virtual state. The molecule populates the first excited state, and undergoes normally to the ground 
state as in the case of the single-photon absorption. 
 
The case of particular interest to biophysical studies is when the final state of 
the transition is the first excited state; in this case there are clearly no intermediate 
real states. Absorption involving more photons, that result in the same transition, 
would without question be a ‘multi-photon absorption’. In Figure 5.1, the Jablonski 
diagram of a two-photon excitation is depicted. The total transition of the molecule 
to the first excited state is realised via the absorption of two photons and involves the 
participation of one virtual state. A three-photon absorption would be realised via the 
absorption of three photons, while two virtual states would be involved [210]. 
In a virtual transition, the lifetime of the electron in the intermediate state vτ  is 
determined not by conventional relaxation mechanisms, but rather by the uncertainty 
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principle connecting time (uncertainty of time Δt) and energy (uncertainty of energy 
ΔE): ~E τ∆ ⋅∆  . The uncertainty in the energy of the virtual state can be taken as 
the detuning ∆  from the nearest allowed resonance, 10( )ω ω∆ = − , where 10ω  is 
the energy difference between the ground and the first excited state. For a typical 
detuning of 1eV, the lifetime of the virtual state is expected to be about 0.5 fs. As the 
detuning from resonance ∆ , approaches the natural width of the state Γ , virtual 
transitions become real transitions. For electron promotion from a virtual 
intermediate state to a higher energy state, the next photon (the second, in two-
photon absorption) must be absorbed within the very short lifetime of the virtual 
state. Therefore, such a process requires a very large photon density, and is observed 
only at very high light intensity. The concept of multi-photon excitation, proceeding 
as a series of single-photon transitions through virtual states, can be used to provide 
the order of magnitude estimates of the N-photon cross-section. The following 
equations present the derivation of the two photon absorption cross-section, σ [211, 
212]. 
5.3.1.1 Derivation of the “two-photon absorption cross-section” 
 
The single photon absorption rate (W1) is given by: 
                                                                    1 1W Iσ=                                Equation 5.1 
where σ1 is the absorption cross section and I the intensity of the photon 
illumination. 
For a resonant transition, the single photon absorption cross-section of many 
molecules of biological interest is of the order of 1710− cm2. A second photon can be 
absorbed by a single molecule, but only if it is incident within the lifetime of the 
virtual state. The lifetime of a virtual state ( vτ ) is determined by the detuning 
resonance (ω) of the state [213]. Therefore, vτ  is of the order of the photon period: 
                                                                           2~v
πτ
ω
                          Equation 5.2 
which is of the order of 1 fs. The rate of absorption of the second photon, out of the 
virtual state is again 1 1W Iσ= , so that the combined rate for the absorption of two-
photons ( 2W ), is given by the equation: 
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                                                                    2 1 1
2~W I Iπσ σ
ω
                   Equation 5.3 
Thus, a two-photon absorption cross-section ( 2σ ) (cm
4·sec/photon·molecule) is 
defined such that: 
                                                                        22 2
1
2
W Iσ=                        Equation 5.4 
where W2 is the two-photon absorption rate. Combining Eq. 5.3 and 5.4 the 
following estimation is obtained: 
                                  2 492 1
4~ ~ 10πσ σ
ω
−   (cm4·sec/photon ·molecule)   Equation 5.5 
The value obtained from this crude estimation is in rather good agreement with 
both theoretical and experimental data, since for common chromophores with 
excitation wavelength ranging from 690 nm to 1050 nm, 2σ  is about 
4810− to 5010−  
cm4·sec/photon·molecule [214]. 
 
5.3.1.2 Basic relations describing TPEF 
 
In TPEF, the quantum yield of fluorescence 2 fΦ  is defined as: 
                            2
number of fluorescence emitted photons
number of pair of absorbed photonsfΦ =                     Equation 5.6 
Eq. (5.4) gives the rate, 2W  at which a molecule populates an excited state through 
two-photon absorption. This rate, when multiplied by the fluorescence quantum yield 
2 fΦ , provides the rate at which a photon is emitted from the molecule that transits 
from the excited to the ground state. In other words, the power of the TPEF, TPEFP  in 
sec
photons   is given by: 
                                                   22 2
1
2TPEF f
P Iσ= Φ                                   Equation 5.7 
Finally, if we define 2 2TPEF fσ σ= Φ ⋅  as the two-photon fluorescence cross-section 
(or action cross-section), eq. (5.7), can be expressed as: 
                                                     21
2TPEF TPEF
P Iσ=                                   Equation 5.8 
 
Once an excited state has been populated through two-photon absorption, a 
process of deactivation follows with the same characteristics as the one-photon 
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excited fluorescence process (OPEF). OPEF and TPEF may be discriminated by the 
way that the excited state is reached, but not in the way that the excited state is 
deactivated to the ground state [215]. Fluorescence in both cases is only one of the 
possible ways that the excited molecule can return to the ground state. As far as the 
polarisation of the emitted photons through fluorescence is concerned, it is expected 
that when fluorescent molecules are illuminated with linear polarised light, the 
emitted photons have a specific polarisation, related to the polarisation of the 
incident photons and the specific transition moment between the excited and the 
ground state. This specific transition is directly related to the orientation of the 
molecules in space. However, since the molecules are free to rotate during the time 
taken for the electronic transitions to occur, changing their orientation and the 
corresponding transition moment, the fluorescence emission is largely unpolarised 
[64, 216]. 
 
5.3.2  Fundamentals of coherent anti-Stokes Raman scattering 
 
CARS is an imaging technique in which contrast is generated from molecular 
vibrations. It is a non-linear mode of the Raman effect and is sensitive to the same 
molecular vibrations that a Raman spectrometer detects. The CARS process requires 
two laser beams to interact coherently with the sample and produce a coherent signal 
beam: a pump beam with frequency ωp and a Stokes beam with frequency ωs. 
The CARS process can be explained either by a classic oscillator model or by a 
quantum mechanical model involving the energy levels of the molecule. Classically, 
the Raman active vibrator could be described as a harmonic oscillator with a 
characteristic frequency ωvib. During the CARS process the oscillator is driven by the 
difference frequency of (ωp−ωs). These electronic motions change the optical 
properties of the sample, by a periodic modulation of the refractive index of the 
material. This modulation is probed by a third beam called probe beam ωpr, part of 


















Figure 5.2: Two optical fields the pump (ωp) and the Stokes (ωs) define the beating frequency on the 
molecules of the sample which vibrate coherently to the beating frequency ωvib= ωp−ωs if they are 
resonant to ωvib. 
 
The classical description does not consider the quantum mechanical energy 
levels of the molecule. The quantum mechanic description of the CARS process can 
be explained in the following way. CARS is a coherent Raman process during which 
two optical driving fields called ‘pump’ and ‘Stokes’ determine a coherent overlap of 
the molecular characteristic states (i.e. the ground state and an excited vibration 
state). One molecule is initially at the ground state, the lowest energy state of the 
molecule. The pump beam excites the molecule to a virtual state. The virtual state is 
not one that the molecule can actually occupy, but allows transitions between 
otherwise uncoupled real states. The presence of the Stokes beam along with the 
pump, exploits the virtual state as an instantaneous getaway to reveal a vibrational 
characteristic level of the molecule. 
The system is in two different states simultaneously. This coherence between 
the states can be probed by a third beam, which excites the system to a virtual state. 
The molecule cannot stay in the virtual state and will return to the ground state, 
emitting an anti-Stokes photon [220]. The emission of an anti-Stokes photon is an 
indication of the presence of certain molecular bonds in the sample. Hence, CARS is 
capable of selectively imaging molecules with distinct Raman assignments i.e. 
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Figure 5.3: Diagram of the coherent anti-Stokes Raman scattering (CARS) process. The match of the 
molecular frequency ωvib with the difference between the pump and the Stokes ωvib = ωp−ωs, yields 
the anti-Stokes signal at frequency ωAS = 2ωp−ωs. 
 
The pump and the Stokes fields coherently drive all resonant oscillators in the 
plane of excitation at ωvib. The coherent sum of the microscopic induced dipoles 
yields a macroscopic third-order polarisation P(3) at the anti-Stokes frequency. The 
non-linear interaction of the pump Ep , and the Stokes Es , electric fields is given by: 
 
                                                *2)3()3( )( spAS EEP χω ∝                                Equation 5.9 
where )3(χ is the third order susceptibility. The solution of the wave equation for 
plane pump and Stokes waves, results in the anti-Stokes signal intensity: 















kzIII spAS χ                 Equation 5.10 
where z is the thickness of the sample, iik λπ /2=  is the wavevector and k∆  the 
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Figure 5.4: Phase matching condition (a) for forward-generated CARS, (b) for backward-(epi-) 
generated CARS. k is the wavevector given by k= 2π/λ. The kp, ks and kAS stand for the pump (green), 
the Stokes (wine red) and the anti-Stokes (blue) wavevectors, respectively [221]. 
 
CARS contrast is based on the intrinsic molecular vibrations of the sample, 
thus extrinsic labels are unnecessary. The advantage of CARS when compared to 
Raman is that it yields orders of magnitude higher signal levels [221, 222]. The 
nonlinear nature of this coherent process makes it capable of three-dimensional 
sectioning which is valuable for investigating cellular structures. This is one of the 
key qualities of CARS that make it an attractive visualisation technique for 
biological samples. The second major advantage of CARS is that it occurs on the 
ground electronic state leading to minimised photodamage, especially when 
picosecond pulses are used, which can eliminate multiphoton processes. Laser 
sources in the near infrared (NIR) minimise the multi-photon interactions and most 
multiphoton damage decreased for pump wavelengths above 800 nm [223, 224]. 
Finally, the anti-Stokes signal is blue-shifted compared to pump and Stokes 
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5.3.3  CARS dependence on the concentration of scatterers 
 
Whilst the CARS signal is dependent on the concentration of excited chemical 
species, concentration information cannot always be directly accessed from the raw 
CARS signal. This represents a challenge for the utilisation of CARS as a 
quantitative imaging technique. 
The properties that make CARS a suitable tool for quantitative microscopic 
imaging are described in the following section. The CARS signal is emitted at the 
anti-Stokes frequency, ωAS=2ωp−ωs and is collected in the forward direction. The 
third order optical susceptibility χ(3) is a coefficient of proportionality between the 
induced dipole moment per unit volume and the third power of the macroscopic 
electric field of the radiation. It describes the response of the material (i.e. nonlinear 
absorption) and consists of two terms: 
 
 
                         Equation 5.11 
 
The resonant term, )3(Rχ , indicates the vibrational resonances and contains the 
quantitative and chemically specific information about the sample in focus. 
The nonresonant response, )3(NRχ , depends on the electronic properties of the material, 
is real and independent from the frequency. However, the magnitude of )3(NRχ  varies 
spatially throughout a heterogeneous sample; for different composition there are 
different electronic polarisabilities. The detected anti-Stokes CARS signal, ASI , 
depends on both the resonant and nonresonant terms according to: 
2 2 2(3) (3) (3) (3)2 (3) (3) (3)2 Re[ ]AS R NR R NR R NRI χ χ χ χ χ χ χ∝ = + = + +  
Equation 5.12 
where ]Re[ )3(Rχ  is the real part of the resonant term, 
)3(χ . In order to obtain 
quantitative information from the anti-Stokes CARS intensity, ASI , for a given 
vibrational resonance, the resonant susceptibility, )3(Rχ , is: 













Where A, Ω and Γ are the amplitude, frequency, and line-width of the vibrational 
mode, N is the number of scatterers per unit volume, and i  is the imaginary unit. 
Concentrated samples with a large Raman scattering cross-section may approach the 
limiting case where )3()3( NRR χχ >> . Then Equation 5.12 reduces to  
                                                 
2)3(2)3(
RASI χχ ≈∝                            Equation 5.12a 
and the CARS signal depends quadratically on analyte concentration. 
In the opposite limit of weak or dilute Raman scatterers, (3) (3)R NRχ χ<< , equation 5.12 
becomes:  
                               
2)3()3()3(2)3( ]Re[2 RRNRASI χχχχ +≈∝                 Equation 5.12b 
and the CARS response depends linearly on the concentration, with the addition of 
an offset coming from the strong nonresonant contribution. 
For a weak Raman scatterer, small changes in the resonant CARS response can 
be hard to detect. For a single vibrational resonance, the CARS spectrum has both a 
maximum and a minimum due to the interference between )3(Rχ  and
)3(
NRχ  [225]. 
Calculating the difference between the signals at the maximum and minimum, a 
linearly dependent response to the concentration is deduced for low concentrations, 
but this may be overwhelmed by a strong nonresonant background signal. 
The relationship between CARS signal and analyte concentration was assessed 
for the CARS instrument used in this study, using methanol (MeOH) and dimethyl 
sulphoxide (DMSO) mixtures in water. In single frequency CARS, an individual 
vibrational resonance is addressed at 2835 cm-1 (the methylene symmetric stretching 












5.3.3.1  Methanol 
 
The raw CARS signal spectrum was recorded by tuning the lasers from 2792 to 
3012 cm-1. The strongest signal is generated at 2835 cm-1, 2845 cm-1, 2935 cm-1 and 
2950 cm-1. The CARS results overlap with our Raman results (Figure 5.5, red dots) 
which emit the highest signal at 2836cm-1. 
 
     
Figure 5.5: Blue dots: Normalised CARS intensity dependence on the laser tuning from 2792 cm-1 to 
3012cm-1. The resonant tuning at 2835 cm-1, 2845 cm-1, 2935 cm-1 and 2950 cm-1 excite the most 
efficient CARS signal. Red dots: Raman spectrum of MeOH-acquisition time 10s x 10 repeats. 
 
To investigate the concentration dependence for the CARS signal, the 
nonresonant signal was subtracted from the raw CARS signal for the various MeOH 
concentrations [225]. The laser was tuned at 2835cm-1 and the MeOH concentration 
was varied from 0 to 1200 µM. The background noise was removed from every point 
and all the spectra were normalised to the pump intensity. Finally, the nonresonant 
CARS signal in bulk water was subtracted from the anti-Stokes intensity. 
According to Figure 5.6, for very low concentration the nonresonant signal 
dominates; the CARS signal has a linear dependence on the concentration of the 
scatterer (Eq.5.12b), while for higher amounts this dependence is quadratic 
(Eq.5.12a).  
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For high MeOH concentrations up to 1.2M, an unusual behaviour was noticed 
that most probably arises from the chemistry of our mixture (Figure 5.6). Previous 
studies [226] have shown that the concentration of methanol in the water solution 
affects the coherence relaxation rate and that could be connected to the formation of 
supramolecular structures in methanol-water mixtures [227]. The formation of such 
structures can lead to the broadening of the Raman peak, which is dependent on 
concentration. A simple explanation of this observation is that the relaxation of 
vibrational coherence occurs due to collisions with the surrounding structures. The 
formation of complex supramolecular structures can shorten the relaxation time as 
the larger structure experiences an increased number of collisions. 
Other factors that should be taken into account are the fluctuations of the pump 
power. The anti-Stokes signal depends on the quadratic power of the pump intensity 
(Ias ~ |Ip|2), thus any change of the pump power may have a significant effect on our 
measurements. In order to compensate for these fluctuations, each spectrum was 
normalised to the pump power value. 
Another parameter that should be taken into account is the volatility of MeOH, 
which could affect the molarity of our measurements and lead to fluctuations. To 
avoid this potential source of artifacts, the sample under investigation was changed 















Figure 5.6: Normalised resonant CARS intensity dependence on MeOH molarity increase mixture in 
water. Each measurement was taken at 2835cm-1 in 2.5mins. 
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5.3.3.2  Dimethyl sulphoxide (DMSO) 
 
Methanol is quite volatile and probably not well suited to this kind of 
experiment. DMSO has been used previously by other researchers [228].  
The above measurements were repeated in DMSO-water mixtures but using 
higher concentrations: The laser was tuned at 2910 cm-1 as recommended from 
previous studies [228]. Measurements started with pure DMSO with water being 
gradually added to dilute the mixture. The normalised CARS signal of 1M down to 
400 mM of DMSO in water, changes as shown in the following graph: 
Figure 5.7: Normalised resonant CARS intensity dependence on molar concentration of DMSO in 
water. Each measurement was taken in 1s. 
 
Figure 5.7 shows behaviour closer to that expected for CARS signal variation 
with concentration. The CARS signal is dependent on the squared sum of CH3 
vibrational signal and the intrinsic nonresonant background ( )3()3( NRR χχ >> , 
2)3(2)3(
RASI χχ ≈∝ ). The background noise was removed and the spectra were 
normalised to the pump power. 
At high concentrations, the CH3 mode shifts to higher frequencies explaining 
the slight signal decline seen at 1M in Figure 5.7. Zimmerley et al. [228] took the 
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Raman spectra of DMSO:water mixtures for different volume fractions of DMSO, 
and showed a shift of the center frequency of the CH3 symmetric stretch vibration 
with the change of molarity [228]. The high initial concentration of DMSO and the 
progressive addition of water, as well as the less volatile nature of DMSO compared 
to the MeOH, contributed to acquire the above results (Figure 5.7) that are in 
agreement with the theory. 
 
5.3.4  Experimental set-up 
 
Our system (Figure 5.8) comprises a picosecond pulsed Nd: YVO4 laser with 
an output at 1064 nm (Stokes beam). Part of this beam is frequency-doubled to 532 
nm, which in turn excites an optical parametric oscillator (OPO) to produce a 
tuneable pump beam (~700-1000 nm) [229].  
The difference between the frequencies of the Stokes and pump beams is 
matched to the molecular vibrational frequency. This provides complementary 
chemical information of the samples under observation and opens new avenues to a 
better understanding of biological imaging. 
The separate operation of each of the beams of our source (High-Q Picotrain), 
provides 7 W of 532 nm (pulse width 5-6 ps) and 12 W of 1064 nm (pulse width 6-7 
ps) with repetition rate of 76 MHz. The longer duration picosecond pulses generate 
less nonresonant CARS signal than femtosecond pulse excitation. The power ratio 
between the 532 and 1064 nm beams is controlled by a motorised half-wave plate 
and a polarising beamsplitter. The OPO output (~700-1000 nm, at ~700 mW) is 
combined with the 1064 nm source with a dichroic mirror (Chroma, Rockingham, 
USA) to enable imaging of wavenumbers in the range 605 to 4800 cm-1. The pulses 





Figure 5.8: Experimental set-up. 
 
Both of the beams are incident on the confocal scan unit that consists of a pair 
of scanning mirrors and two lenses that focus the beam into the objective lens. An oil 
immersion objective (Nikon Plan Apo 60x) with NA 1.4 is used to focus the beams 
onto the sample. The CARS signal represents only a small part of the scattered light - 
the remainder being mostly elastically scattered laser light. Consequently, several 
short-pass filters and a band-pass filter are required to remove the excitation light. 
Finally, the beam is collected by a fibre and led to the photodetectors, where the anti-
Stokes signal is separated from fluorescence by long-pass filters. Figure 5.9 presents 
the beam path through the scan unit, the microscope and then to the photomultipliers 
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Figure 5.9: The beam path in the microscope: Galvanometer mirrors (GM), mirrors (M), long-pass 
filer (LP), CARS objective (obj. Nikon 60x, NA 1.4), condenser (CD)(Nikon NA  0.72), short-pass 
filters (SPF), lens (L). 
 
In the case of CARS detection in the forward direction, called forward-CARS 
(F-CARS), a condenser (Nikon NA 0.72) collects the generated signal and passes it 
through the short-pass filters and into a lens that focuses the filtered beam into a 
fibre, which transfers it to the photomultipliers box where the CARS signal is 
separated by the use of the suitable long-pass filters. 
There is the possibility of CARS detected in the backward direction called epi-
detected CARS (E-CARS). This is especially suited to the study of thick samples, but 
in this study E-CARS results are not presented. In the case of E-CARS the signal is 




























In this study, mimics of cell membranes called giant unilamellar vesicles (GUVs) 
and multilamellar large vesicles (MLVs) are employed. These vesicles are formed 
using the gentle hydration technique [103] and are composed of phospholipids 
mentioned in chapter 2, such as DOPC, DPPC, D62PPC and their binary mixtures.  
 
5.4.1  Gentle hydration technique of vesicle preparation 
 
Several methods were assessed for the formation of large, stable multilamellar 
vesicles. The main method used was the gentle hydration technique. Multi-lamellar 
vesicles (MLVs) are formed, when dry phospholipid films swell in excess of buffer. 
Based on previous research done by Tsumoto et al. [230] giant vesicles, which 
approximate the size of cells (~5-100µm), were formed using dry lipid films doped 
with glucose (glc). 
The success of the gentle hydration method for efficient formation of giant 
vesicles depends on interlamellar repulsion between the lipid layers that increases 
their spacing. This interlamellar repulsion increases interlayer spacing, thereby 
playing an important role in efficient liposome formation. The induction of osmosis 
is suggested to be an effective method to increase interlayer spacing; this is achieved 
by including sugars in the interlamellar space. According to Figure 5.10, during 
hydration, water molecules penetrate the lipid lamellae and the lamellar gaps 
dissolving the sugar. As the lipid membranes are almost semipermeable to sugars, an 
osmotic pressure arises and gradually increases from the bulk to the glass surface. 
Therefore, a considerable amount of water is infiltrating into the space between the 
bilayers separating the lipid lamellae from the lipid stack.  
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Figure 5.10: Schematic description of the separation of the sugar-doped lipid bilayers upon hydration 
with water. During hydration, water permeates in between the lipid bilayers dissolving the sugar 
molecules. The high osmotic pressure cause between the lamellae, leads to the repulsive forces 
separating the bilayers and forming the giant oligolamellar liposomes. This illustration is a schematic 
of Tsumoto et al. [230]. 
 
Glucose was dissolved in MeOH to 20mM molar concentration. Lipid 
solutions in chloroform (0.5mg/ml) doped with glucose (lipid:glc, 1:10) were dried 
under nitrogen in a round-bottomed glass flask and stored into a vacuum overnight to 
remove any remaining trace of organic solvent [231, 232]. The dry lipid films were 
then suspended in Tris buffered saline (TBS) of pH 7.4 (10 mM Tris, 150 mM NaCl 
buffer, adjusted by 100 mM HCl), and bath-sonicated above their miscibility 
temperature (T= 55°C) for three hours. They were left to reach room temperature and 
then they were placed on a glass coverslip ready for imaging. Phase contrast 
microscopy showed the fast formation of the lipid vesicles doped with sugar that 
precipitate on the glass coverslip.  
Four different samples were prepared with two different lipid-to-sugar molar 
ratios: DOPC:glc (1:1) and DOPC:glc (1:10) in ultrapure distilled water (18.2 MΩ 
cm-1) and in TBS of pH 7.4 (10 mM Tris, 150 mM NaCl). The composition which 

















Figure 5.11: Multilamellar vesicles of 0.5mg/ml DOPC:glc (1:10) in TBS buffer of pH 7.4 (10mM 
Tris, 150mM NaCl) on the confocal phase microscope. Image size: 800 x 600 µm. 
 
The system was developed to include the use of deuterated lipids. Samples 
were prepared with 0.5 mg/ml D62PPC:DOPC:glc (1:1:10) in ultrapure distilled 
water as well as in TBS of pH 7.4 (10 mM Tris, 150 mM NaCl buffer). The presence 











Figure 5.12: Phase contrast images of 0.5 mg/ml deuterated D62PPC:DOPC:glc (1:1:10) in (a) ultra 
pure water and (b) Tris buffer Saline (TBS)buffer of pH 7.4 (10mM Tris, 150mM NaCl). Image size: 
800 µm x 600 µm. 
 
Hydration of sugar-doped lipid films can yield giant liposomes even in saline 
buffer (Figure 5.12(b)), but the efficiency and size distribution might vary for every 
preparation of liposomes. Consequently, this lipid-to-glucose ratio (1:10) was used 
for the following experiments both in distilled water and in the TBS buffer of pH 7.4 





5.4.2  Chemical identification of membrane contents 
 
The use of deuterated lipids, such as D62PPC, is an alternative way of 
‘labelling’ the lipid membranes with minimal physicochemical disruption. 
Deuterated lipids have been shown to be suitable for CARS imaging [207]. In 
D62PPC the C-H bonds in the alkyl chains are replaced by C-D bonds, but DOPC by 
contrast has only C-H bonds (Figure 2.4). The vibrational mode of C-D bonds lies at 
a different frequency to that of C-H bonds, so we can separately image the 
distributions of two different types of lipids by acquiring CARS images at the 
differing C-H and C-D frequencies. Deuterated lipids, such as D62PPC, can 
therefore offer an interesting tool in phase separation studies. At room temperature 
D62PPC is in a solid ordered phase while DOPC is in a liquid disordered phase. In a 
binary system such as D62PPC:DOPC, with a simple switch of the CARS pump 
wavelength, we can observe which phase the peptides ‘prefer’ to insert: liquid-
disordered (LD) or liquid-ordered (LO) lipid phase. 
 
5.4.2.1 Raman spectra comparison with CARS measurements 
 
The different peak positions within the Raman spectra of these lipids give 
CARS the ability to image different chemical species within the same biomolecular 
system on the same experimental set-up. Consequently, CARS can reveal phase 
separation on a lipid vesicle, as well as any particular preference of the Aβ42 to insert 
into, or interact with, a specific lipid phase. 
The following graphs depict the Raman spectra in comparison to the CARS 
signal of the lipid vesicles. The spectra in Figure 5.13 reveal a small shift between 
the highest intensity of the Raman and the CARS spectrum of ~57 cm-1 for DOPC 
while for the deuterated lipid the shift is negligible. For CARS imaging, the pump 
and the Stokes frequency difference, ωp−ωs, was tuned to the CH2 symmetric stretch 



















Figure 5.13: Raman spectrum of lipid powder and CARS spectrum of (a) DOPC multilamellar 
vesicle, and (b) deuterated D62PPC vesicle, respectively. The shift between CARS and Raman is 
57cm-1 for (a) and 2.3cm-1 for (b). Raman spectrum acquisition time: 10s x 10 repeats. 
 
Potma and Xie [205] showed that for a lipid bilayer oriented parallel to the 
optical axis, constructive interference in the forward direction yields strong signals 
for the F-CARS detection scheme and destructive interference renders virtually no 
signal in the epi-direction (see Figure 5.14). In this geometry, F-CARS is preferred 
for detecting the lipid bilayer. Both the signal from the membrane and the signal 
from the forward-propagating nonresonant background from the water bulk are 














Figure 5.14: CARS images of a natural single lipid bilayer (erythrocyte ghost) at 2845 cm-1, taken 
with parallel polarised beams along the x axis (note the polarisation dependence). Courtesy: Xie 
group [205]. 
 117 
Figure 5.14 depicts an F-CARS image of a vesicle (left panel, “Forward 
Image”). The image was taken in the xy plane of the vesicle at an excitation 
frequency tuned to 2845 cm-1. The yellow arrows point toward the orientation of the 
bilayer that give rise to the CARS intensity (top and bottom) when the average C-H 
bond orientation is parallel with the incident beams and a lower one (left and right) 









































5.4.3  F-CARS on giant liposomes 
 
CARS measurements were performed on a DOPC multilamellar vesicle 
(prepared according to the gentle hydration technique in TBS as described in section 
5.4.1) by changing the pump laser in order to select the accurate resonant pump 
wavelength (Figure 5.15). The beam powers used were 12mW for the pump and 
8mW for the Stokes (1064 nm). The most efficient CARS signal is for 2905 cm-1 
(λp=813 nm, λAS=657.7 nm), as shown also in Figure 5.13. The MLV imaged is a 
ruptured structure on the glass coverslip and thus the image in one plane is a thick 
























Figure 5.15: Twelve tiled CARS images of a DOPC ruptured vesicle (0.5mg/ml) in pH 7.4 (10 mM 
Tris, 150 mM NaCl buffer). Excitation wavenumbers shown were obtained by manually tuning the 
pump frequency. The Stokes frequency was fixed at 9395 cm-1. The resonant frequency 2905 cm-1 
(λp=813 nm, λAS=657.7 nm) gives the most efficient CARS signal. Imaging time: 16.1 s. Each image 
size: 30µm x 30µm. 
 
Similar measurements were repeated for the deuterated multilamellar vesicles, 
Figure 5.16 (prepared according to the gentle hydration technique in TBS as 
2808 cm-1 2815 cm
-1 2822.5 cm-1 2837.4 cm-1 





2874.9 cm-1 2882.9 cm-1 
 
2890 cm-1 2905cm-1 
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described in section 5.4.1). The laser was tuned to three different frequencies (2115.1 
cm-1, 2099.2 cm-1, 2086.1 cm-1); the resonant frequency is at 2099.2cm-1, where the 
signal-to-noise ratio is the highest, and two off-resonance wavenumbers. The CARS 
signal can be seen to be more than twofold stronger close to the bottom and the top 
of the vesicle than the left and the right. When the direction of the polarisation of 
both of the beams is rotated, this signal rotates accordingly. This suggests that there 
is an average desirable orientation of the C-H bonds of the aligned alkyl chains that 
make up the bilayer, as expected from the experiments of Xie group shown in Figure 
5.14.  
The excitation photons will have incident angles of up to 61.7° (sin-1 1.33/1.51, 
where n=1.33 is the refractive index of water and n=1.51 that of the glass). Photons 
incident at 0° will excite in-plane C-H bonds, but other incident angles will excite 
both in-plane and perpendicular C-H bonds. Consequently, the variation of a factor 
of 2 is not solely attributable to the distribution of C-H bond angles, but also to the 












Figure 5.16: Three F-CARS images of the same D62PPC multilamellar vesicle (0.5 mg/ml) in pH 7.4 
(10 mM Tris, 150 mM NaCl) obtained by manually tuning the pump frequency. The Stokes frequency 
was fixed at 9395 cm-1. The resonant frequency is 2099.2 cm-1 (λp=870 nm, λAS=735.6 nm). Imaging 
time: 16.1s. Scale Bar: 10 µm. 
 
For the preparation of the liposomes of Figure 5.15 and Figure 5.16 no 
glucose was used. Therefore these liposomes are multi-lamellar structures, quite 
heavy and reasonably immobile. The multiple bilayers generate the onion-like 
appearance to the structure. 
CARS microscopy due to its non-linear nature is capable of three-dimensional 
imaging. Lipid vesicles made according to gentle hydration technique (section 5.4.1) 
  2 cm-1 
2115.1 cm-1 2099.2cm
-1 2086.1 cm-1 
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consisting of a mixture of deuterated lipids, unsaturated lipids, fluorescent probes 
and glucose [D62PPC:DOPC:glc (1:1:20)]. Figure 5.17 is a three dimensional image 
of a lipid vesicle, consisting of 33 stacks separated by 0.5 µm, with the lasers tuned 
to 2890 cm-1 exciting the C-H stretch in the DOPC. 
Figure 5.17: A tile of thirty-three F-CARS images at 2890cm-1 of 0.5mg/ml D62PPC:DOPC:glc 
(1:1:20) in pH 7.4 (10 mM Tris, 150 mM NaCl). Acquisition time 16.1s per frame. Each image size: 














Figure 5.18: Z-projection of the 3D F-CARS (from Figure 5.17) showing excitation at 2890 cm-1 of 




Figure 5.18 shows a unilamellar lipid vesicle as revealed from the three-
dimensional imaging; it appears empty of lipids within its interior. The laser power 
of the pump was 12 mW and 8 mW for the Stokes (1064nm) beam. With these beam 
powers used, no photodamage was observed during our experiments. 
 
5.4.4  Two-photon fluorescence on lipid bilayers labelled with DiI 
 
The fluorescent label used for staining the lipid vesicles was the 1,1’-
Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (‘DiI’, DiC18(3)). 
Two-photon fluorescence microscopy was used to image the lipid spatial distribution 
in GUVs obtained from 0.5 mg/ml D62PPC:DOPC:DiI:glc (20:20:1:200) prepared 
according to the gentle hydration technique (section 5.4.1) in pH 7.4 (10 mM Tris, 
150 mM NaCl buffer, adjusted by 100 mM HCl). Glucose was added due to its 
capability to yield large lipid vesicles of good quality as explained above [230]. DiI-
C18 is known to partition preferentially with saturated, long-tailed phospholipids 
[233]. The absorption wavelength is at λabs = 550 nm, while the fluorescence 
emission is centred at λem=568nm; the 1064 nm (Stokes) laser excites fluorescence 
of DiI efficiently. Using the appropriate short-pass and band-pass filters, we are able 
to separate the fluorescent signals coming from the lipid membrane stained with DiI, 
from the CARS signal. The measurements were acquired simultaneously and depict 
the preference of DiI to integrate into the lipid membrane between the phospholipids. 
It surrounds the hydrophilic head of the lipid, while its tails are placed next to the 










Figure 5.19: Illustration showing how DiI is believed to associate with phospholipids. Courtesy, 
Invitrogen (Molecular Probes). 
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5.4.4.1 Sample preparation 
 
MLVs were formed when dry phospholipid films swelled in excess of buffer. 
Lipid solutions in chloroform of 0.5 mg/ml with 0.5 mg/ml DiI in a molar ratio of 
(20:1) were dried under nitrogen in a round-bottomed glass flask and stored in a 
vacuum overnight to remove any remaining trace of organic solvent [231, 232]. The 
dry lipid films were then resuspended in TBS buffer of pH 7.4 (10 mM Tris, 150 mM 
NaCl buffer, adjusted by 100 mM HCl).  
TPEF allows the rapid three-dimensional visualisation of the lipid vesicle as 
well as the distribution of the fluorescent label in the lipid membrane. Three-
dimensional imaging reveals the structural features of a lipid vesicle in more detail; 
the vesicle is spherical with a diameter of ~16.5 μm. From the 3D projection (Figure 
5.20), there is a feature on the left-side of the vesicle revealed, that is not obvious on 
all the planes of the vesicle. This could be an aggregate of lipids stuck to the vesicle. 
The fluorophore dipoles that are aligned with the polarised excitation light are 
selectively excited. The incident laser beam is horizontally polarised, thus the 
strongest fluorescent signal is excited on the top and bottom of the MLV. TPEF 
measurements require shorter acquisition times than CARS, thus TPEF might be 
advantageous for the fast capture and visualisation of the interaction between the 
Aβ42 and the lipid membranes. The two-photon fluorescence was detected efficiently 
at 568 nm with the use of a band-pass filter (585±40nm). The z-projection average of 
33 frames separated by 0.5 µm reveals the three-dimensional structure of a ruptured 
























Figure 5.20: Z-projection average of TPEF on 0.5 mg/ml DOPC:DiI:Glc (20:1:200) in TBS buffer of 
pH 7.4 (10 mM Tris, 150 mM NaCl buffer, adjusted by 100 mM HCl). Acquisition time 0.44 s per 
frame (33 frames). Scale Bar: 5µm. 
 
5.4.5  CARS on β-amyloid (Aβ42) 
 
In order to assess the system’s efficiency, the strength of the CARS signal for 
different resonant tuning was measured at high concentrations of 1 mM Aβ42 in 
ultrapure water. Figure 5.21 depicts the F-CARS signal from Aβ42 in water at two 
different resonant frequencies: (a) 2862 cm-1 and (b) 1640 cm-1, where the signal to 
noise ratio is maximum. The wavenumber at 2862 cm-1 indicates the C-H bonds of 
the protein, while the 1640 cm-1 belongs to strong hydrogen bonds, as discussed in 
chapter 4. The vibrational modes of amide I may be used to identify the presence of 













Figure 5.21: F-CARS on 1 mM Aβ42 aggregates in pure water at (a) 2862 cm-1, acquisition time: 4.4s 
and (b) 1640 cm-1, acquisition time: 48.3s recorded at 25°C. Image size: 45µm x 45µm. Scale bar: 
5µm. 
Z-projection average 







 Figure 5.21 depicts globular aggregates of Aβ42. The amount of Aβ42 is 
higher than the one used in AFM or Raman experiments but it is in the range of the 
CARS system sensitivity (see section 5.3.3.1). The lateral spatial resolution of the 
CARS system is around 300 nm, consequently any smaller structures than 300 nm 
are not resolved. 
Comparing the signal levels for the two different frequencies, the line-profiles 
of the aggregates above gave a signal-to-noise ratio of (a) 2500 and (b) 18 
respectively. Signal detection at low wavenumbers is less efficient than for the higher 
ones; hence longer scan rates are required. Figure 5.21 (b) is slightly displaced from 
Figure 5.21 (a); this is likely to be due to movement of the sample during the tuning 
of the laser from 2862cm-1 to 1640cm-1. 
Figure 5.22 presents the typical quantum efficiency and sensitivity of the 
photomultiplier R3896 (solid line) depending on the detected wavelength (anti-
Stokes signal in our case). The photomultiplier is more sensitive for anti-Stokes 
signals between 400 nm and 600 nm, while its efficiency drops for wavelengths 
above 800 nm or less than 300 nm. Longer acquisition times are therefore required in 
these regions. 
 















Figure 5.23: F-CARS on 1 mM Aβ42 in pure water at (a) 2862 cm-1, acquisition time: 4.4s, and (b) 
1640cm-1, acquisition time: 48.3s, recorded at 25°C. Image size: 45µm x 45µm.  
 
The circular structures seen in Figure 5.23 are large aggregates of the protein 
with an internal diameter of approximately 300 nm. Similar structures are revealed in 
more detail by AFM (Chapter 6). The background could be smaller aggregates that 
are not resolved by our microscope. For these CARS experiments, Aβ42 was 
pretreated with NH4OH and then diluted in pure water at 1mM concentration. High 
amount of 1mM was selected in order to ensure the detection of efficient CARS 
signal for both frequencies (2862 cm-1, and 1640 cm-1). According to the conclusions 
of Chapter 4, the efficiency of the CARS signal at 1640 cm-1 could be attributed to 



















FCARS 2862 cm-1  
(a) 1.8min 
FCARS 1640 cm-1 
(b) 
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5.4.6  CARS and TPEF imaging of lipid vesicles before and after 
the addition of β-amyloid (Aβ42). 
 
5.4.6.1 Sample preparation 
 
MLVs were prepared with the gentle hydration technique. Binary lipid 
solutions in chloroform (0.5 mg/ml) with 20 mM glucose in ratios 0.5:0.5:10 were 
dried under nitrogen in a round-bottomed glass flask and stored overnight in a 
vacuum to remove any remaining trace of organic solvent [233]. The dry lipid films 
were then resuspended in TBS buffer of pH 7.4 (10 mM Tris, 150 mM NaCl buffer, 
adjusted by 100 mM HCl) at T=45°C above the melting temperature (see section 2.2 
and 2.3). 
MLVs, so prepared, were imaged using F-CARS at the C-D stretch frequency 
of 2099 cm-1. Aβ42 was pretreated with NH4OH, was then diluted in TBS buffer of 
pH 7.4 (10 mM Tris, 150 mM NaCl buffer, adjusted by 100 mM HCl) and 
introduced to the lipid solution at a concentration of 5.2 µM. This concentration is 
not physiologically matched to that which exists in the human brain (~4 nM), but is 
similar to those used in previous studies [102, 103] and more accessible to the CARS 
system sensitivity. Imaging was repeated after an incubation period of 10 minutes to 












Figure 5.24: F-CARS 2099cm-1 of multilamellar vesicles in TBS buffer of pH 7.4 (10 mM Tris, 150mM 
NaCl), consisting of 0.5mg/ml D62PPC:DOPC:Glc (0.5:0.5:10); (a) Before the insertion of Aβ42, (b) 





Ten minutes after the addition of the Aβ42 the lipid vesicle ruptures and loses 
its structural stability (Figure 5.24 (b)). Unfortunately, the amount of peptide 
accumulated by the MLV was too low to achieve CARS detection, consequently F-
CARS imaging at 1640 cm-1 did not give satisfactory results. Consequently, a 























Figure 5.25: MLVs were prepared with the gentle hydration method in TBS buffer of pH 7.4 (10 mM 
Tris, 150 mM NaCl) at 45°C. Three-dimensional (thirty stacks separated by 0.5µm) z projection of 
TPEF on MLV consisting of 0.5mg/ml D62PPC:DOPC:DiI (20:20:1) (a) transmitted light image 
(110µm x 90µm), (b) TPEF on the vesicle using the 1064 nm excitation source, (c) 2 mins and (d) 1hr 
after the addition of 5.2 µM Aβ42. Acquisition time: 1.95s per stack. Image size 40µm x 40µm. Scale 
bar: 5µm. 
 
Another sample was prepared in TBS buffer of pH 7.4 (10 mM Tris, 150 mM 
NaCl buffer, adjusted by 100 mM HCl) consisting of 0.5 mg/ml D62PPC:DOPC:DiI 
(20:20:1). Two-photon fluorescence measurements were performed using the 1064 
nm beam and the band-pass filter (585±40 nm). Three-dimensional TPEF images 
were acquired before the addition of Aβ42 (Figure 5.25 (b)), 2 minutes after the 





Both the F-CARS and fluorescence images depict the changes that the Aβ42 
induces to the membrane of the vesicle, even though the lipid components were 
slightly different. These early results of three-dimensional imaging of the MLV 
suggest that the inner lipid bilayers are affected as well (Figure 5.25 (c) and (d)). 
Similar results were observed after trying to image vesicles of the same lipid 
composition and peptide concentration. The images presented here are the most 
representative. The peptide possibly penetrates into the lipid layers and promotes 
membrane rupture by solubilising its components [234-239]. According to the 
disruption mechanisms discussed in section 1.4, one could propose the carpet-like 
mechanism or the detergent-like model take place as the Aβ42 interacts with the 
membrane disrupting its curvature leading to micellisation. However, these optical 
data are not sufficient to fully substantiate this conclusion, consequently, in chapter 6 
the results are re-evaluated using AFM as a complementary technique. 
 
5.5   CONCLUSIONS 
 
A versatile CARS system was used to perform CARS but also TPEF 
measurements on lipid vesicles as well as on β-amyloid peptide (Aβ42). The 
innovative use of CARS imaging to study Aβ42 interactions with lipid vesicles has 
presented challenges but has also revealed advantages over other imaging methods. 
One possible model that is supported by our results is the carpet-like mechanism, 
which offers a counter-point to previous studies of Ambroggio et al. [102] which 
propose that Aβ42 acts through a pore-forming action. The amount of Aβ42 used for 
those experiments was a little higher (7.5 μM) than in this study (5.2 μM).  
More experiments need to be performed at higher lipid to peptide ratios in 
order to draw a reliable conclusion about the mechanisms of interactions, even 
though this would move the system further from being physiologically relevant. It 
was not possible to image the Aβ42 using CARS as the amount introduced was below 
the limit of sensitivity of the CARS microscope. According to preliminary 
measurements of MeOH-water solutions (Figure 5.6) our CARS system can detect 
concentrations in the micromolar (µM) range. Imaging of the phase separation of the 
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lipid vesicles can be performed in the future, which can open new avenues to the 
study of the mechanisms occurring during the insertion of a toxic peptide. 
There were a number of experimental difficulties to overcome during all these 
measurements concerning the lipid bilayer samples beyond the issues of signal 
intensity. The vesicles tended to move in the aqueous buffer and it was not easy to 
locate static ones for imaging. The lipid vesicles are not static structures, their size or 
shape might change throughout the experiments, and especially after prolonged 
periods. In this study, freshly made lipid membranes were imaged with an effort to 
reduce the experimental duration to some seconds. 
Finally, the effects of various soluble types of Aβ have been observed to cause 
neuronal membrane damage [240, 241], and can give valuable information on 
predicting Aβ42 behaviour within the lipid systems described in this chapter. Our 
future efforts could focus on developing complementary imaging modes for this 
model biological system; lipid vesicles and Aβ42, measured using CARS probing of 
C-H, C=C, C-D, amide I vibrations and TPEF imaging of fluorophores when 
possible. Whilst a challenging experimental system to develop, the resulting 
multiplexed data could give very valuable information on the effects of amyloids 



















6 Atomic Force Microscopy (AFM) as a 
tool to visualise β-amyloid (Aβ42) 














6.1   ABSTRACT 
 
Model membranes represent a very useful tool for biological membrane 
experimentation in a controlled environment. In this work, model membranes 
consisting of zwitterionic lipids (PC) as well as anionic lipids (PG) are exploited to 
improve our understanding of the mechanisms influencing Aβ42 interaction with lipid 
bilayers. 
The high-resolution topographic mapping capability of an atomic force 
microscope reveals the phase separation behaviour of lipid monolayers and bilayers. 
Multiple parameters determine the structure of supported lipid layers manufactured 
using a Langmuir-Blodgett trough. Factors studied include: (i) cholesterol that 
modifies the shape of the lipid rafts; (ii) the pressure control of the deposition that 
can affect also the shape of the deposited lipid films; and (iii) the temperature. Aβ42 
aggregation on glass is studied under various pH and concentration values; thus, the 
parameters that affect its aggregation path are explored. Finally, the interaction of 
Aβ42 with planar lipid bilayers as well as lipid vesicles is studied.  
Our measurements revealed the structure that the Aβ42 adopts on glass under 
different pH conditions, forming annular structures in pH 7.2 (20 mM Tris, 150 mM 
NaCl adjusted by 0.1 M HCl) at three different concentrations of (a) 7.31 µM, (b) 
3.65 µM, and (c) 0.73 µM, and transforming into fibrils with an intertwined structure 
at pH 2 (100 mM NaCl and 100 mM HCl).  
Furthermore, the effects of mica (hydrophilic) and glass (less hydrophilic than 
mica) on the shape of Aβ42 treated with acidic pH 2 (170 mM NaCl and 170mM HCl) 
and pH 7.4 (170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4), are 
revealed. The vast majority of the published AFM experiments have been performed 
on freshly cleaved mica [116, 242, 243]. The combination of mica with a 
physiological buffer system is capable of mimicking the environment in vivo (in the 
bulk solution). For our study, glass substrates were used (as received apart from 
simple rinsing with ethanol) in order to study the effect of a less hydrophilic 
substrate on the Aβ42 morphology. It is the first time that annular protofibrils have 
been revealed on the interface of the hydrophilic aqueous buffer and the glass 
substrate by AFM. The interface between the glass and the aqueous buffer could 
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mimic the interface between the hydrophobic tails and the hydrophilic headgroup of 
a lipid membrane. Therefore, novel and potentially more relevant results concerning 
the various conformations of Aβ42 are presented. Furthermore, the images of the 
interaction of Aβ42 with the lipid bilayers could propose different mechanisms of 
cytotoxicity, depending on the peptide-to-lipid molar ratio and possibly on the 
membrane curvature and composition. Consequently, for the mica-supported lipid 
bilayers and for a low peptide-to-lipid molar ratio of 1:1000, a change in the shape of 
the lipid phases was observed. For the lipid vesicles, consisting of DOPC:DOPG, the 
peptide-to-lipid ratio was almost 10 times higher at 150:1, and the detergent-like 
mechanism of toxicity is likely to govern the vesicle surface. 
 
6.2   INTRODUCTION 
 
Model membrane systems can be divided into small-sized vesicles and cell-
sized giant vesicles. Small vesicles are easier to make than giant vesicles but offer a 
less accurate reproduction of the cell’s properties [244]. Furthermore, the small 
vesicles are not stable because of their high curvature, thus undergoing spontaneous 
changes such as breakdown or fusion. In contrast, the preparation of cell-sized giant 
vesicles is challenging, but they are suitable analogues for the study of the 
physicochemistry of interaction with biomolecules, such as proteins [245]. 
In an aqueous environment Aβ aggregates are fully hydrated with the protein’s 
hydrophilic N terminus (residues 1 to 29) exposed on the surface of the aggregate 
[116]. On interaction with a mica substrate, the aggregates and the Aβ fibrils in an 
aqueous buffer become loosely attached through electrostatic interactions, as 
evidenced by their lateral mobility observed during imaging. The protein molecules 
are weakly attached to the mica surface, thus allowing the formation and growth of 
protofibrils [116]. Therefore, the combination of mica −which is a hydrophilic 
surface as well as the outer part of the lipid membrane− with a physiological buffer 
system is capable of mimicking the environment in vivo. Our ability to study 
individual oligomers or fibrils in vitro will help our understanding of their behaviour 
in vivo and to shed light on their aggregation path.  
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A recent investigation reports that the beginning of memory loss in a transgenic 
mouse model for AD overlaps with the aggregation of soluble dimers Aβ40 or Aβ42 in 
rafts and not with fibril formation [246]. The Aβ42 amyloid-derived diffusible ligands 
(ADDLs) are reported to be highly toxic at very low concentrations (nM) [12]. 
However, it is under debate if ADDLs exist either in normal or in the diseased brains 
of AD patients [12].  
According to AFM studies, protofibril formation can be analysed in two steps: 
initiation and elongation. These steps are definite and can be separately imaged or 
even inhibited [247]. Elongation is a bidirectional process during which monomers 
or aggregates or even small protofibrils are added to the end of the core of 
protofibrils [116, 247]. During our study, this process was observed to take place 
during the formation of fibrils on a glass substrate, upon dehydration of the annular 
protofibrils. For our study, glass substrates were used in order to study the effect of 
the glass on the Aβ42 conformations. It is the first time that annular protofibrils have 
been revealed on a glass substrate by AFM. The interface between the glass –which 
is a rougher surface than mica − and the aqueous buffer could serve as the interface 
between the hydrophobic tails and the hydrophilic headgroup of the lipid membrane. 
Therefore, interesting results concerning the various conformations of Aβ42 are 
presented. 
When it comes to the interactions of Aβ42 with lipid bilayers, previous research 
on DOPC planar lipid bilayers has revealed that the Aβ42 results in doughnut-shaped 
structures emerging from the lipid membrane composed of 4−6 apparent subunits 
and induced ionic destabilisation of the lipid membrane [77]. In a binary lipid bilayer 
system of 1:1 DOPC/DPPC, it was indicated that there is a strong preference of the 
oligomers to associate with the gel-ordered phase domains in a simple mixture of 
different miscibility temperature phosphatidycholines [104]. 
Recent studies [55] concerning the peptide-to-lipid ratio have reported that the 
increasing amounts of DPPC/PG vesicles shift the conformation of the membrane-
bound Aβ40 from a β-sheet to an α-helical form. For low protein-to-lipid ratios, the 
adsorption of amyloid proteins to the membrane surface yields protein-lipid 
interactions and hinders fibrillogenesis; thus, the α-helical conformation of the 
membrane-bound peptide is overwhelming. In the case of a high protein-to-lipid 
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ratio, the accumulation of the protein on the bilayer surface yields protein-protein 
interactions; thus, the protein structure shifts to β-sheet. Depending on this ratio, the 
membranes can either shield or stimulate amyloid fibrillogenesis. This is an 
observation not only for various forms of Aβ but also for islet amyloid polypeptide 
(IAPP) in association with membranes [54]. The reverse of the process of 
fibrillogenesis has also been reported; DOPC liposomes dismantle mature Aβ42 
amyloid fibrils into toxic protofibrillar structures. The toxicity and biophysical 
analysis of the protofibrils from the reverse reaction identified their resemblance to 
protofibrils obtained by the ageing of monomeric Aβ42 [70]. 
The mechanism dominating lipid bilayer disruption by Aβ is still under debate. 
The lipid bilayers can act as a substrate for aggregation and fibrillisation of Aβ. Its 
binding onto the membrane depends on the composition of the membrane as the 
electrostatic interactions with the peptide influence its aggregation pathway. Circular 
dichroism (CD) studies proved that Aβ40 undergoes conformational change in contact 
with negatively charged phospholipids as well as during small shifts of pH [156]. 
Consequently, three different modes of membrane disruption have been proposed: 
the carpet-like, the pore-forming and the detergent-like mechanisms [54, 89] as 
analysed in detail in section 1.4. 
Cholesterol is another factor that influences the toxicity mechanism of the Aβ.  
In the grey matter of the superior temporal gyrus, the molar ratio of cholesterol to 
phospholipid in AD brains is 0.46±0.08, while this ratio in healthy brains is 
0.66±0.05. This reduction of ~33% for demented brains can affect the fluidity of the 
neuronal membranes and transform them into being softer and more permeable to Aβ 
[248]. According to research on the Aβ(25-35) intercalation in POPC/PS lipid 
membranes composed of >20% w/w cholesterol induces changes in the membrane 
fluidity transforming the liquid-disordered phase into liquid-ordered [46]. The 
addition of Aβ40 stimulated the pore formation in POPC membranes composed of 
~30% molar cholesterol, while no channel activity was observed in pure POPC 







6.3   MATERIALS AND METHODS 
 
6.3.1  Chemicals 
 
Pure lipids and their binary mixtures are used: 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl(d62)-sn-
glycero-3-phosphocholine (D62PPC), and 1,2-dioleoyl-sn-glycero-3-phospho-(1'-
rac-glycerol) (DOPG). 
All the lipids (DOPC, DPPC, D62PPC, DOPG) were purchased from Avanti 
lipids (AvantiR Inc.). The mica used is purchased from Agar Scientific, while the 
glass coverslips are provided by CORNING. Cholesterol powder, ethanol and 
chloroform solvents were supplied by Sigma-Aldrich. Aβ42 was purchased from 
Anaspec (cat.no. 20276). 
 
6.3.1.1 The effect of cholesterol 
 
The presence of cholesterol in large amounts (Xchol >~25%) promotes the 
formation of a liquid-ordered phase limiting the positional and conformational 
freedom of the phospholipid molecules [250]. At low cholesterol concentrations 
(Xchol<~10%), the effect of cholesterol on the lipid bilayer is different: a marginal 
reduction is observed in the transition temperature of the main phase. At low 
concentrations, cholesterol is neither able to fully break the crystalline order in the 
solid-ordered phase, nor able to fully induce order of the alkyl chains in the fluid 
phase [250]. 
The body of cholesterol consists of a series of fused rings (rigid planar steroid 
ring structure). At one end of this planar ring group is a hydroxyl group and at the 
other end is a hydrocarbon tail. Consequently, cholesterol has both hydrophobic and 
hydrophilic parts that define its position within the lipid bilayer. The effect of 





Figure 6.1: Theoretical phase diagram for DPPC-
cholesterol bilayers [250]. The various phases are 
denoted by So (solid-ordered), LD (liquid-
disordered), and LO (liquid-ordered). X: molar 




Cholesterol interacts "vertically" with a given lipid, either with its entire length 
or, at least, with all of the CH2 groups that contribute to the enthalpy. Furthermore, 
the packing arrangement between cholesterol and a given CnPC could vary for 
different lengths of the lipid tail. Due to its rigid structure, cholesterol plays a distinct 
role in membrane structure. Cholesterol cannot form a membrane by itself, but 
intercalates into a phospholipid bilayer with its polar hydroxyl group close to the 
phospholipid headgroups. 
Figure 6.2 illustrates the position of cholesterol in a lipid membrane. The 
cholesterol molecule is ordered between the phospholipid molecules in the gaps that 
exist between the phospholipid tails. The presence of cholesterol makes the bilayer 






















Figure 6.3: (A) The structure of 
the cholesterol molecule. (B) A 
cholesterol molecule is arranged 
in the gaps between phospholipid 
molecules in a lipid bilayer. The 
rigid planar ring group of 
cholesterol makes the bilayer 
stiffer (i.e. less fluid), although 
cholesterol prevents the freezing of 
the membrane at low 
temperatures, since it interferes with the close packing of the hydrophobic tails [253]. 
 
Figure 6.3 is another illustration of the structure of the cholesterol molecule as 
well as its arrangement between the phospholipid molecules. The effects of 
cholesterol are revealed in section 6.4.1.2, where our results are analysed.  
The amino acid sequence of Aβ42 can be seen in Figure 6.4. The lyophilised 
peptide powder was treated with 1% NH4OH followed by dilution in PBS buffer to a 
concentration of 0.2 mg/ml and being kept at -20°C. 
 






6.3.2 Atomic Force Microscope (AFM) 
 
The atomic force microscope (AFM) was invented in 1986 by Binnig, Gerber 
and Quate [255]. The heart of the AFM is a cantilever possessing a very sharp tip on 
the end. The cantilever bends in response to the force applied between the tip and the 
sample. The cantilever tip scans across the surface of the sample line by line in a 
rastering manner. The tip-sample interactions deflect the cantilever through an 
application of a force. Depending on the mode of operation, a 3D profile of the 
surface on a nanoscale can be provided.  
6.3.2.1 Basic set-up 
 
An AFM set-up consists of the scan head that holds the cantilever with a sharp 
tip, a semiconductor diode laser, and a photodetector. A piezo tube scanner controls 
the position of the tip in three dimensions (x-y-z). Upon interaction with the sample, 
the cantilever deflects and the tip-sample interaction can be recorded at high 
resolution by the reflected laser beam onto the photodetector. Every deflection of the 
cantilever corresponds to the reflected beam. In almost all operating modes, a 
feedback circuit, connected to the cantilever deflection sensor, maintains the tip-

















Figure 6.5: Schematic diagram of an atomic force microscope [256]. Based on the courtesy: 










6.3.2.2  Forces measured & modes of operation 
 
The AFM measures short-range but also long-range interactions. The dominant 
interactions at short probe-sample distances are van der Waals interactions, while at 
long-range are the electrostatic, magnetic and capillary interactions. 
 
 
Figure 6.6: Plot of the force between the tip and the sample as a function of their separation. 
 
The AFM can operate in three different ways: 
i) Contact mode, <0.5nm tip-surface distance; 
ii) Tapping mode, 0.5−2nm tip-surface distance; 
iii) Non-contact mode, 0.1−10nm tip-surface distance. 
During contact with the sample, the tip is in contact mode and experiences the 
repulsive van der Waals forces that deflect the tip. By keeping a constant cantilever 
deflection, the force between the probe and the sample remains constant and an 
image of the topography of the surface is obtained. Contact mode is suitable for 
rough surfaces or samples that will not be damaged, but it can be used even for 
smooth surfaces when imaging is performed at constant height mode, and not at 















Tapping or intermittent mode is the mode during which the cantilever oscillates 
at its resonant frequency. By maintaining constant amplitude of oscillation, the tip 
lightly taps on the surface during scanning. This mode allows high resolution of soft 
samples, often biological, without damaging them. When imaging under liquids, 
damping of the cantilever’s oscillations provides a technical challenge, often 
requiring slower scanning speeds. 
If the tip moves further from contact, attractive van der Waals forces are 
dominant and the probe is in non-contact mode. The probe oscillates above the 
adsorbed fluid layer on the surface. The changes of the amplitude, due to van der 
Waals forces, are monitored by a feedback loop and the surface topography can be 
imaged. Thus, very low force is exerted on the sample (pN range) and the tip can last 
longer. The disadvantages of this method are the lower resolution than the previous 
methods, the possible interference of any contaminants on the surface with 
oscillation and the fact that an ultra-high vacuum is necessary for the best imaging. 
For the majority of the experiments presented herein, tapping mode was used. The 
imaging of the monolayers was performed in air by contact mode. 
 
Contact mode AFM 
 
For contact mode imaging a Veeco Explorer (EX-480401) AFM was used. This 
approach was used for lipid monolayers imaged in air. The AFM is operated using 
the associated VeecoSPM Lab 6.02 software and dry scanner. The scanning of dry 
samples was chosen in this investigation due to its lack of complexity in laser beam 
alignment, therefore allowing more images to be taken. 
The sketch (Figure 6.5) depicts the AFM set-up. The scan head scans the 
surface of the sample and it flexes according to the “valleys” or “hills” it meets. The 
light from the laser is reflected onto the split photo-diode respectively to the flexes. 
The deflection signal can then be calculated as the difference in signal strength as a 
set of any two squares versus the other two, allowing detection of lateral and/or 
vertical deflection. Afterwards, this signal is sent to a controller, which translates it 
to displacement between the tip and the sample and adjusts the cantilever in order to 
keep a constant deflection. This is accomplished through a piezoelectric crystal (z-
piezo) on the cantilever mount. A piezoelectric crystal is very sensitive to the 
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slightest voltage variation; therefore, its expansion/contraction can be reproduced 
with a precision of atomic dimensions which enables the AFM to measure precisely 
the topography of samples. The actual image of the sample is produced by scanning 
line by line, while the height of the sample is calculated through the variations in 
voltage of the z-piezo that is required to keep the cantilever at a constant deflection. 
The amount of feedback signal that is monitored at each scanning point of a 2D 
matrix corresponds to a 3D reconstruction of the sample topography which is 
displayed as an image. [257, 258] 
The tip is placed on the top of a cantilever. Its function can be described by 
Hooke’s law and one of its properties is the spring constant of the cantilever. Thus, 
for small displacements, it is simple to find the interaction force between the tip and 
the sample.  
xkF ⋅−=  
 
F = Force 
k = spring constant 
x = cantilever deflection 
If the spring constant of the cantilever is around ~0.1−1N/m, the typical forces range 
from nN (10-9) to μN (10-6) [259]. 
For contact mode AFM, Antimony (n) doped Si-coated cantilevers (Veeco 
1950-00) with a spring constant of k=0.2 N/m and tip radius R=8 nm were used. The 
low spring constant allows good-quality contact mode imaging of lipid samples 
ensuring low applied force that does not damage the soft samples. The scan rate 
setting value must also be taken into account. This is the speed at which the probe 
shall scan across the sample. 
The feedback mechanism is based on an equation that combines proportional, 
integral and derivative (PID) parameters; therefore, in order to acquire the most 
accurate, high-resolution data possible when imaging, it is vital that these PID 
parameters are optimised. The proportional gain controls the high-frequency 
response of the z-piezo; the response to fine structural details. The integral gain 
controls the low-frequency response of the z-piezo; the system’s ability to respond to 
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large topography features. The derivative gain is used to reduce oscillation; however, 
if set high, it may result in the amplification of high-frequency noise. 
Before starting imaging, the cantilever was mounted in the holder and lowered 
close to the surface with the help of the camera, ensuring no contact with it. At this 
height, close to the surface, accurate alignment of the beam is necessary; therefore, it 
remains reliable during the tip approach. The laser beam aligned to the correct 
position ensures optimum feedback via the photodiode detector and feedback 
electronics. The correct alignment is achieved when the laser beam is reflected from 
the cantilever tip onto the microscope’s adjustable mirror and finally to the centre of 
the photodetector. Such positioning will ensure the maximum signal possible is 
generated at the photodetector and that optimum feedback and imaging are achieved. 
The software and camera are used to accurately position the laser [260]. Once the 
beam is aligned, the software is used to engage the tip in close contact with the 
sample. The key factor for a successful approach is the set point. The feedback loop 
alters the z-piezo in a way that constant cantilever deflection and current are 
maintained. The force applied on the sample is directly connected to the deflection, 
consequently being controlled by the set point. The choice of the set point is crucial 
to ensure that the images have the best possible resolution without damaging the 
sample or the tip. The control of the scanning is optimised by the proportional, 
integral and derivative gains.  
 
Tapping mode AFM 
 
A commercial AFM Bioscope II (Veeco AFM) is installed on top of a Nikon 
TE 2000 inverted optical microscope. It is equipped with a heated liquid cell (from 
ambient temperature to ~50°C) for heating and liquid perfusion. The x-y scan range 
is 150 x 150 μm (with closed-loop operation) while the vertical z-range is 15 µm 
(closed loop). It is also composed of an infra-red laser at a 45° laser path to eliminate 
the laser interference. The sample positioning is achieved by a 10 x 10µm motorised 
XY translation stage. Thermal tune up to 2 MHz determines the spring constant of 





For contact or fluid tapping mode AFM, the V-shaped levers with sharpened 
silicon nitride (Si3N4) tips (DNP-s) purchased from Bruker, were used. They have a 






Figure 6.7: SEM micrographs of:(a) Tip, (b) Cantilever[261]. 
 
In air, the rectangular RTESPA levers (mpp-11120-10) of k=40N/m and tip radius 









Figure 6.8: SEM micrographs of: (a) Tip, (b) Cantilever [262]. 
 
6.3.2.4 Q control 
 
Every cantilever has its characteristic oscillating frequency in air. Before the 
initialisation of scanning, a “Q control” optimisation is required. Q control refers to 
the use of a frequency-dependent drive amplitude in tapping mode. “Q” is an 
indication of the sharpness of the resonant peak and is calculated by dividing the 
resonant frequency by the width of the resonant peak at half maximum power. Power 
is proportional to amplitude squared, so that the frequency interval, γ, between half-



















Figure 6.9: The Q of a resonance [263]. 
 
Q control enables either enhancement or damping of resonance. While Q 
increases or decreases −in respect to the natural value observed in cantilever tune− 
sweeping over a range of frequencies, maintains constant the drive amplitude. Q 
reduction results in damping of the lower-frequency active tip resonance (i.e. ~30 
kHz), while driving probe oscillation at the resonance located round 180kHz. Q 
enhancement increases the phase contrast by applying Q control to the cantilever 
resonant frequency. Q control does not apply always at the resonant frequency 
chosen for tapping, but can be only applied to a single frequency at a time in order to 
avoid simultaneous performance of enhancement and damping [264]. 
High-resolution AFM was performed under liquid at drive frequencies close to 
12 kHz for the softest cantilevers. The resonance peak of the tapping mode AFM was 
shifted about 18 kHz when immersed in buffer solution. The resonance frequency of 
the DNP-s cantilevers is 18 kHz and 23 kHz for the long and soft ones and 56 kHz 
and 65 kHz for the short and hard ones, respectively. For the hard (short and thick) 
cantilevers this resonance was shifted close to 30 kHz. The resonance frequencies of 
the cantilevers had a full width at half maximum of ≤ 1 kHz in the fluid cell. The 
cantilever response was optimised, once activated within this frequency range. To 
achieve a successful coupling between the drive voltage and cantilever amplitude 
response, the cantilever was brought to the sample close to 2µm.  
The scan size and the offset were set to zero before engaging, in order to avoid 
sample deformation and contamination of the tip apex. Before scanning, the set point 







Γ=width at half maximum
Frequency
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manually to ensure minimal forces [265]. Imaging was usually performed in the 
range of 1 µm x 1µm−20 x 20 µm, acquiring the height, the amplitude and the phase 
signal simultaneously. The noise of the topographic and amplitude signal was 
minimised by optimising the proportional and integral gains as well as the scan 
speed, which was usually kept round 1 Hz (1 line/s). 
 
6.3.3  Sample preparation 
 
6.3.3.1 Langmuir-Blodgett technique 
 
The Langmuir-Blodgett technique is based on the study of the isotherm 
produced by the pressure on the surface of a clean water subphase. The application of 
surface pressure to the lipid floating on the surface of the water subphase, produces 
phase changes in the floating lipid monolayer from a gaseous state to a solid state. 
During the Langmuir-Blodgett deposition technique, a single-molecule-thick film is 
created by immersing a cleaved mica substrate into the aqueous subphase that 
supports a layer of lipid. As the mica passes through the meniscus, a monolayer is 
adsorbed to the substrate. The Langmuir-Blodgett technique is very accurate; 
therefore, the successful production of monolayers and bilayers is possible. 
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Figure 6.10: Isotherm graph for 0.5 mg/ml DOPC:DPPC:Cholesterol (3:1:0.05). 
 
The isotherm above was acquired before the film deposition of DOPC: DPPC: 
cholesterol (3:1:0.5). An isotherm is obtained by measuring the change in surface 
pressure during the compression and subsequent expansion of the barriers of the 
Langmuir-Blodgett trough (Figure 6.10). When there is no pressure applied to the 
lipid film, the lipid would be spread in the gas phase as a monolayer on the substrate 
(point G of Figure 6.11). At this stage the molecules are disordered and lying flat on 





Figure 6.11: The three phases the lipids undergo during the isotherm monitoring. 
 
Once pressure is applied by the trough barriers, the phase changes to a liquid-
expanded state (Le) and then to a liquid-condensed state (Lc). The pressure forces the 
molecules to approach each other closer and to a more ordered structure, thus 





on the subphase surface with their hydrophobic tails in the air and their hydrophilic 
heads attracted on the water. At a certain pressure the area/molecule ratio decreases 
to the solid phase (SO). In this phase the area per molecule is constant and the lipid is 
at its most ordered form. Any further pressure will force the lipid layer to collapse 
and sink into the water subphase. The trough can be safely operated such that the 
lipid molecules can cohesively attach on the mica substrate. The lipid film of Figure 
6.10 consists of DPPC (which is in the solid-ordered phase at room temperature), but 
also DOPC (which is in the liquid-disordered phase at room temperature ); thus, the 
two phases co-exist in high pressures (45mN/m). 
 
6.3.3.2 Langmuir–Blodgett trough 
 
Lipid planar samples were prepared in a Langmuir-Blodgett trough. The trough 
used in the investigation was a Molecular Photonics (MP) LB-715 and accompanied 
by the Molecular Photonics Software: Molecular Photonics 1 (MP1). The main 
elements of the equipment are the trough, the barriers and the dipper mechanism. 
This LB trough is suitable for producing the lipid samples used for this study and is 
designed for the deposition of organic multilayer films from a water subphase [266]. 








Once the deposition pressure was defined (usually when the area/mol ~55A°2), 
the barriers close to achieve the desired deposition pressure through the software 
control. The emersion step may then start; the lipid film was deposited on the mica 
substrate while the mica was rising upwards. Once the whole mica substrate was out 
of the subphase, the lipid heads are attached on the thin layer of water attracted to the 
mica while their hydrophobic tails are in the air. The trough was cleaned again and a 
new film of the same composition was deposited for the second layer deposition 
(bilayer). The isotherm was recorded again, once the organic solvent had evaporated, 
and the pressure of the deposition was determined. The immersion starts with the 
mica being lowered through the lipid into the water subphase. The hydrophobic tails 
of the attached film attract the tails of the deposited lipid film on the trough, with a 
bilayer being formed as the mica sinks into the water subphase. 
The trough and the barriers that come in contact with the lipids and the water 
were cleaned thoroughly. Any contaminants or dust can affect the quality of the film. 
The trough was cleaned with a lint-free tissue soaked in isopropanol. Then it was 
rinsed with ultra-pure water several times and finally dried under nitrogen. The 
trough was stored in a glass box ensuring a dust-free environment during the 
experiments. 10 µl of 0.5mg/ml stock lipid solution in chloroform (CHCl3) was 
added to the water surface with the use of a glass syringe (Fischer Scientific). The 
dipper with the mica was already dipped in the water subphase. The emersion started 
20 minutes after the lipid deposition to ensure that the CHCl3 was completely 

















6.4   RESULTS & DISCUSSION 
 
6.4.1  Planar-supported monolayers and bilayers studied by AFM 
 
There are a number of factors such as temperature, cholesterol, and pressure 
control during Langmuir-Blodgett film deposition, that have been shown to affect the 
structure of the lipid monolayers and bilayers created. In order to evaluate our results 
and to reach accurate conclusions, a study of the effects of those factors on the lipid 
bilayers was performed. 
 
6.4.1.1 Temperature control measurements on DPPC bilayer 
 
The physical and chemical properties of biological membranes are of critical 
importance for understanding the membrane function. The complex structural 
dynamics of the bilayers are dependent on temperature, which affects the average 
interfacial area per lipid, the thickness of the bilayer, as well as the disorder of 
hydrophobic tails. The various phases the lipid undergoes are analysed in section 2.4. 
Figure 6.13 illustrates a bilayer that has not covered the whole mica surface; 
the dark areas correspond to the empty mica, while the yellow areas to the lipid 
bilayer. The coverage of the surface area increases as the temperature of the AFM 
chamber increases from 25°C to 40°C. 
The DPPC bilayer was deposited on mica using the LB technique and kept in 
ultra-pure water. The Tapping Mode topography images (Figure 6.13) were acquired 
by using the Veeco Bioscope II, and show a well-defined solid-ordered phase, SO, 
for the DPPC bilayer at ambient temperature. The dark areas correspond to mica and 
the bright ones to the bilayer, which has an effective thickness of 4.82±0.29 nm. For 
higher temperatures a slight decline in the DPPC bilayer thickness is observed. This 
is attributed to the disorder of the hydrophobic tails that form lower domains with the 
rise of temperature and spread more on the mica surface. The only slight increase in 
thickness (within the standard deviation) is observed at 30°C (4.97±0.17 nm), but 
this is due to the slight displacement of the sample. At 35°C the thickness of the 
DPPC bilayer is 4.63±0.53 nm, while at 40°C the thickness is 4.55±0.23 nm. At 
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temperatures greater than 40°C, there were problems due to water condensation on 
the AFM detector resulting in a lack of reliable data for T>40°C. 
The increase of the temperature of the AFM chamber and, consequently, of the 
lipid bilayer leads to the transition from the solid-ordered (SO) to the liquid-
disordered phase (LD) of the lipid phase. It is expected [129, 268] that above the 
miscibility temperature of 42°C the lipid bilayer is fully in liquid-disordered (LD) 
phase and at much higher temperatures most of the empty substrate space is fully 
covered [268]. As explained in section 2.3, there is a shift from the solid-ordered to 
liquid-disordered phase when the temperature is above the melting point (Tm).  
Figure 6.13 reveals the AFM topographic images accompanied by the line plot 
profile and the table with the chosen points on the sample (blue, red, green). Figure 
6.13 (a), (b), (c), and (d) correspond to the AFM chamber temperatures 25°C, 30°C, 


























































0 0.783 (µm) 4.570 (nm) 
1 2.172 (µm) 5.138 (nm) 





0 1.272 (µm) 5.163 (nm) 
1 0.626 (µm) 4.928 (nm) 
2 1.487 (µm) 4.830 (nm) 
Pair Horizontal Distance 
Vertical 
Distance 
0 2.622 (µm) 5.247 (nm) 
1 1.781 (µm) 4.329 (nm) 
2 0.587 (µm) 4.329 (nm) (c) DPPC bilayer in 35°C 
Thickness: 4.63 nm ± 0.53 nm  
(b) DPPC bilayer in 30°C 
Thickness: 4.97 nm ± 0.17 nm 
(a) DPPC bilayer in 25°C 














Figure 6.13: Section analysis of Tapping Mode AFM micrographs of a DPPC bilayer at (a) 25°C, (b) 
30°C, (c) 35°C, and (d) 40°C, accompanied by the line plot profile and a table referring to the areas 
selected by the vectors (red, green, blue) revealing their height profile. 
 
According to the line plot profile of the images, Figure 6.13 (a) is 4.82 nm ± 
0.29 nm, (b) 4.97 nm ± 0.17 nm, (c) 4.63 nm ± 0.53 nm and (d) 4.55 nm ± 0.23 nm. 
The lipid bilayer thickness shows a slight decrease with the increase of the 
temperature, and the lipids are occupying more uncovered surface. The white blobs 
of Figure 6.13 (b), (c) and (d) are possibly aggregates of lipids that are transferred to 
the tip and then falling off during imaging. These lipid aggregates are not considered 
in the data analysis as they are not part of the bilayer. Similar results were presented 
by Leonenko et al.[268]. Their work includes further research on DOPC bilayers and 
on the adhesion forces exerted between the tip and the bilayer as a function of 
temperature. 
 
6.4.1.2 Phase separation-lipid domain dependence on cholesterol 
 
The study of lipid monolayers and bilayers is connected with the study of the 
effects of cholesterol on them as well as the effects of the various parameters that are 
involved in Langmuir-Blodgett film production. It is well established that phase 
separation occurs in binary lipid mixtures consisting of lipids that have different 





0 1.761 (µm) 4.293 (nm) 
1 1.076 (µm) 4.610 (nm) 
2 1.703 (µm) 4.743 (nm) 
(d) DPPC bilayer in 40°C 
Thickness: 4.55 nm ± 0.23 nm 
 153 
exists with the liquid-disordered (LD). An addition of cholesterol has been reported 
to modify the gel phase component of such systems resulting in the liquid-ordered 
phase (LO) in which the lipids are still tightly packed but have a relatively high 
degree of lateral movement [269].  
This section focuses on a ternary mixture of lipids of different miscibility 
temperatures (DPPC, Tm=42°C and DOPC, Tm=-20°C); thus, there are two different 
lipid phases at room temperature: the liquid-ordered (LO) and the liquid-disordered 
(LD) phase. Langmuir-Blodgett monolayers were made on mica using the mixture of 
0.5mg/ml DOPC:DPPC:cholesterol, varying the cholesterol molar concentration. 
Then the monolayers were imaged by AFM (Veeco Explorer) using antimony (n) 
doped Si tips of spring constant k=0.2N/m. The thickness of the monolayers was 
measured using the line analysis. Figure 6.14 (a) reveals the height difference 
between the two phases that is 1.03nm ± 0.38nm, while for Figure 6.14 (b) and (c), it 
is 1.07 nm ± 0.15 nm and 1.08 nm ± 0.12 nm respectively. 
Figure 6.14 depicts small islands with an increasing surface from Figure 6.14 
(a) to Figure 6.14 (c). The dark areas correspond to lower height structures, while 
the light-coloured islands are higher domains. The dark area belongs to DOPC, 









Figure 6.14: Topographical Contact Mode (height) images of monolayers consisting of 0.5mg/ml 
DOPC: DPPC: Cholesterol [1:1: a) 0.1, b) 0.2, c) 0.35] deposited at surface pressure: 30 mN/m at 
room temperature. Image size: 5 μm × 5 μm (tips: k=0.2N/m Antimony (n) doped Si, SPM Lab). 
 
 According to Stottrup et al. [270], there is a correlation between lipid 
monolayers and bilayers and similar cholesterol/phospholipid interactions may cause 
phase separation in both monolayers and bilayers. Previous studies [271] on 
(a) (b) (c) 
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cholesterol/phospholipid bilayer model membranes have concluded that cholesterol 
incorporation into bilayers has four effects: firstly, it orientates the hydrocarbon 
chains of liquid-disordered (LD) bilayers. Secondly, it decreases the area per 
molecule of the liquid-ordered (LO) state monolayer. Thirdly, it broadens and 
consequently limits the LO to LD phase transition of phospholipid bilayers. Finally, it 
decreases the passive permeability of phospholipid bilayers above their LO to LD 
phase transition temperatures [271]. The largest contribution to cholesterol-
phospholipid interactions comes from van der Waals forces and hydrophobic forces. 
In addition, hydrogen bonding to the polar group and interfacial regions of the host 
lipid bilayer may be of considerable importance, especially for sphingolipids and 
anionic phospholipids [272]. 
We have observed the LO phase getting larger and slightly higher with the 
molar fractional increase of cholesterol. This happens due to the partition of the 
cholesterol in a closely packed conformation with saturated lipids [273-275]. How 
the exact fractional composition of cholesterol in natural membranes affects domain 
formation has not been yet determined. There is also a difference in the lipid 
compositions in the inner leaflet and outer leaflet of plasma membranes; thus, 
various models for plasma membrane organisation are possible [276]. 
6.4.1.3  Pressure control effect during Langmuir-Blodgett deposition 
 
Another parameter that can affect the lipid domain shape is the pressure control 
during the deposition. The following images reveal the difference in the shape and 
size of the LO domains on a mica substrate when the deposition takes place at 
different pressures. It seems that the LO domains formed are slightly larger but 
without any significant height change and that their shape is smoother at higher 
pressures. This effect has a limit: it was observed that above a certain pressure limit 
on the LB trough, the monolayer collapses and the phospholipids immerse into the 
water subphase. Figure 6.15 reveals the shape variation induced by different surface 
pressure deposition, 20 mN/m and 30 mN/m between two lipid monolayers 
















Figure 6.15: Topographic Contact Mode images of 0.5mg/ml DOPC: DPPC: Cholesterol [1:1:0.2] at 
room temperature at surface pressure a) 20mN/m, b) 30mN/m. Image size: 5 μm × 5 μm (tips: 
k=0.2N/m Antimony (n) doped Si, SPM Lab). 
 
Consequently, this kind of change in the shape of the lipid domains is not due 
to the intercalation of any other molecule than cholesterol, but because of changes in 
the parameters during film deposition and should be evaluated as such. 
The study of the lipid monolayer or bilayer under various conditions −surface 
pressure of deposition, cholesterol concentration, and temperature− provides 
important contextual information regarding lipid bilayers’ behaviour prior to 
subsequent study of amyloid insertion. Before the insertion of the Aβ42 in the lipid 
bilayers, it is important to study its behaviour under different parameters and how 



















6.4.2  β-amyloid (Aβ42)  aggregates on glass substrates: dependence 
on concentration and pH 
 
6.4.2.1 Materials and Methods 
 
As already mentioned in section 4.3.1, β-amyloid (Aβ42) was treated with 1% 
NH4OH. For the Aβ42 aggregate study on glass substrates, we used Aβ42 in buffer 
solutions at concentrations 7.31 μM, 3.65 μM and 0.73 μM and at three different 
values of pH (7.2, 4.5 and 2). For the pH 7.2, the buffer is made of 20 mM Tris, 150 
mM NaCl and is adjusted by 0.1M HCl. For pH 4.5, 25 mM of acetic acid and 
sodium acetate was adjusted with 0.1 M of HCl. For pH 2, 0.1 M of NaCl and 0.1 M 
of HCl were mixed.  
The mica used is purchased from Agar Scientific, while the glass coverslips are 
provided by Corning. The ethanol and the chloroform solvents used in its handling 
were supplied by Sigma-Aldrich. Mica was used freshly cleaved, while the glass 
coverslips were cleaned by ethanol alone. Freshly cleaved mica is hydrophilic 
(contact angle 0°), while glass cleaned in this way is much less hydrophilic (contact 
angles between 20° and 60°) [277]. 
Temperature, pH, as well as change in amyloid concentration can affect the Aβ 
aggregation path. It is very important to elucidate the various aggregation paths it 
follows under different pH, temperature or concentration. The following AFM 
measurements are focused on the study of Aβ42 aggregation paths on glass substrates. 
By varying these parameters, we can elucidate the various aggregation paths 
followed under different conditions. For all experimental conditions tested, our 
results obtained by AFM imaging in liquid at different concentrations and pH values 
were highly reproducible. Herein, we present some representative AFM images that 
provide direct structural information on the deposited amyloid morphology.  
Figure 6.16 depicts the annular shapes of the Aβ42 at pH 7.2. The height and 
the average diameter of the annular structures were measured and compared for the 
samples imaged straight after preparation (Figure 6.18). At concentration of 7.31 
µM, their average diameter is 50 nm and their height is 30 nm, while at concentration 
of 0.73 µM, their average diameter is 225 nm and their height is 45 nm. After a 24-
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hour maturation period, the dimensional changes were negligible, while the data 
concerning the sample that was kept 48 hours in solution at room temperature and 
then imaged shows slightly higher and larger domains. 
Figure 6.17 illustrates the annular shape of Aβ42 at pH 4.5. Comparing the 
sizes of the aggregates imaged after preparation with the ones at pH 7.2, at pH 4.5 
and low concentration (0.73 µM), the structures are smaller in size (diameter and 
height). At concentration of 7.31 µM, the lateral size is 50 nm on average and their 
height is 30 nm, while at concentration of 0.73 µM, the average diameter is 75 nm 
and the height is 30nm.  
The structures that were kept for 48 hours in solution before being imaged 
seem to be slightly higher and larger. Unfortunately, for these ones there were a 
couple of problems to measure the exact size. Some of these images show a “double 
tip” effect, meaning that some of the structures appear mirrored in the direction of 
the scan (horizontal). This is caused by contamination of the tip, such that in effect 
both the tip and contaminant scan the sample. This is a well-known complication, 
particularly during contact mode scanning but also during tapping mode, especially 
for soft samples like proteins. It was necessary to include these images too, to show 
possible effects the AFM can induce in the case of contamination, although it is still 













































Figure 6.16: Topographical tapping mode images of Aβ42 in liquid at pH 7.2 (20 mM Tris, 150 mM 
NaCl adjusted by 0.1M HCl) at three different concentrations of (a) 7.31 µM, (b) 3.65 µM, and (c) 
0.73 µM, imaged straight after preparation, 24 hrs later and 48 hrs later after being kept in the vial at 
room temperature, T=23°C. Image size: 5 μm × 5 μm. The height scale is depicted by the colour 
scheme, where the brightest areas are the highest and the darkest areas are the lowest in height. 
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Figure 6.17: Topographical tapping mode images of Aβ42 in liquid at pH 4.5 (25 mM acetic acid and 
sodium acetate was adjusted with 0.1 M HCl) of (a) 7.31 µM, (b)3.65 µM, and (c) 0.73µM, imaged 
straight after preparation, 24 hrs later and 48hrs later after being kept in the vial at room 
temperature, T=23°C. Image size: 5 μm × 5 μm. The height scale is depicted by the colour scheme, 
where the brightest areas are the highest and the darkest areas are the lowest in height. 
 
Figure 6.18 illustrates the change of the average diameter and of the height of 
the doughnut-shape Aβ42 according to the concentration for three different molar 
concentrations. 
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Figure 6.18: Comparison of the annular structures’ inner diameter and height (nm) (purple for pH 
7.2, grey for pH 4.5) for the three different molar concentrations of 0.73 μM, 3.65 μM, and 7.31 μM. 
The purple square and diamond depict the inner diameter and the height of the structures at pH 7.2, 
while the grey square and diamond represent the same dimensions (in nm) for pH 4.5, respectively. 
 
Apart from the highest concentrations (where the sizes are similar, 
independently of pH), these annular structures are three times smaller in diameter for 
pH 4.5 compared to higher pH 7.2 and their height is slightly lower at pH 4.5. The 
fluctuation in height upon pH or concentration change is less pronounced than that of 
the average diameter of the annular structures upon pH or concentration change. The 
increase of molar concentration leads to the increase of the surface coverage and also 
to the decrease of the doughnut-shape size (from 3.65 μM to 7.31 μM). Time of 
incubation does not seem to play a significant role for our experiments, providing the 
protein is kept at steady pH and does not dry out. 
These are the first images of annular Aβ42 structures imaged by AFM on a less 
hydrophilic substrate (glass). Previous AFM studies have reported similar annular 
structures of the amyloidogenic light-chain variable domain (SMA) on mica at pH 
4.5 [118]. These annular oligomeric structures were observed by electron microscopy 
[278] on Arctic mutation (originating from APP mutations) of Aβ40 / Aβ42 with a 
varying diameter from 4 to 25 nm [117]. A similar circular shape was revealed by 
AFM on insulin samples on a negatively charged tantalum substrate (Ta2O5) [120]. 
Previous studies on mica [279] have shown that the aggregation path starting 
from an Aβ42 concentration of 20 µM, under acidic pH, and low ionic strength may 
 161 
promote fibril formation following a change to physiological pH and ionic strength. 
The long Aβ42 fibrils formed under low pH and ionic concentration break into 
smaller fragments and aggregate into disordered structures once they are brought to 
physiological pH and ionic concentration. No annular structures were observed 
during those experiments. 
These annular protofibrils (APFs) are the result of prefibrillar oligomers 
(PFOs) which aggregate when exposed to a hydrophobic-hydrophilic interface, 
according to Kayed et al.[117]. The less hydrophilic glass surface comes in contact 
with the hydrophobic core of the amyloid, while the hydrophilic part forms a water-
filled ring as a result of energy minimisation [280, 281]. The interface of the glass 
coverslip and the aqueous buffer seems a good mimic of this kind of interface that 
yields a high number of APFs; their amphipathic β-sheet conformation driven by the 
interfacial interactions rearranges its structure resulting in a pore-like structure at the 
hydrophobic/hydrophilic interface. The most interesting part of their suggestion is 
that a similar conversion from PFOs to APFs takes place upon the incubation of 
PFOs, with lipid bilayers being more likely to assemble on the surface of the bilayer 
than to insert inside the lipid bilayers. 
In our work, we observe that these annular structures are formed in both pH 7.2 
and pH 4.5 on a glass substrate, using AFM. Similar pore-like structures are imaged 
on lipid bilayers [117, 278, 282]. The pores formed on lipid bilayers are smaller in 
size (~1 nm). Our work reveals structures that were not formed on mica and this 
supports the hypothesis that the hydrophobic/hydrophilic interface plays a major role 
in promoting this conformation. The hydrophobic part of the protein is attracted to 
the glass while the hydrophilic part is exposed to the aqueous subphase. In this 
proposed model, the protein hides its hydrophobic parts through this annular 
arrangement. 
Lastly, we have to note that surface charge estimation using the Protein 
Calculator v3.3 [283] gave values (in electrons) of Aβ42 for pH 4.5 of +3.5, while for 
pH 7.2 of -0.6. Consequently, we can also suggest that the electrostatic interactions 
with the substrate are likely to be influential in defining its annular shape. 
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6.4.3 Fibrils of Aβ42 formed in solution at acidic conditions (pH 2) 
 
Fibrils were formed in solution at acidic conditions (pH 2) by dilution of Aβ42 
in acidic buffer of pH 2 (100 mM NaCl and 100 mM HCl) to a final concentration of 
2 µM. All the measurements were performed at ambient temperature. 
At acidic pH, Aβ42 fibres are formed within the solution [89]. Figure 6.19 
shows a rope-like structure (formed in the solution) surrounded by small spherically 
shaped clusters of Aβ42. The ribbon-like nature of these fibrils is depicted very 
clearly from the topographical analysis of our images. This is a combined fibril 
consisting of winding strands and branching of Aβ42 fibrils. The nature of the fibril is 



















Figure 6.19: Tapping mode AFM (a) on ribbon-like fibrils of 2 μM Aβ42 on glass in pH 2 (100 mM 
NaCl and 100 mM HCl). Nominal tip radius: 10 nm, k = 0.35 N/m (Bruker, DNP-S). Image size: 4 μm 
× 4 μm. z-scale: 9.1 nm. The red line reveals the height profile of the fibril (b). The distance between 
the hillocks is 145 nm ± 10 nm while their height varies by 1.98 ± 0.53 nm. 
 
The topographic analysis reveals the distance between the hillocks to be 145 
nm ± 5 nm, while the height variation along the strands is 1.98 ± 0.53 nm. Figure 
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The incubation of the protein in acidic pH promoted the formation of fibrils. 
Previous studies on β-lactoglobulin fibrils have shown that at low ionic strength, 
electrostatic interactions are strong and result in a high driving force to induce 


















Figure 6.20: Topographic image focusing on the ribbons of the fibril 2μM Aβ42 on glass in pH 2 (100 
mM NaCl and 100mM HCl). Image size: 1 μm × 1 µm. z-scale: 9.1 nm. The red line analyses the 
height of the hillock, while the black one the height of a single strand. The total height of the hillock is 
around 4.9 nm ± 0.3 nm, while the height of the strand (valley) is 2.4 ± 0.3 nm. 
 
The fibril of Figure 6.20 consists of four parallel strands twisting along their 
length, with a corresponding height of 4.9 nm ± 0.3 nm from the mica. The distance 
between the peaks is approximately 145 nm ± 5 nm. The length of the ribbon’s twist 
has been shown to vary according to the ionic strength [115]. Low salt content leads 
to strong electrostatic interactions that form fibrils with short pitch length. This 
compares well with the work of Adamcic et al. [115] which shows that β-
lactoglobulin forms pitches with increasing pitch length, upon the increase of ionic 
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Figure 6.21 is suggested to schematically describe our results in pH 2 and pH 
7.2. Protofibrils assemble and twist around one another in the solution, thus forming 
fibrils. In order to explain their behaviour in different pH, one needs to focus on Aβ42 
chemical and electrostatic properties. Their outer surface exposes mainly 
hydrophobic tails of amino acids. Polar groups occupy only a small part of the 
surface corresponding to Ser26 and Asn27 (Figure 6.4). A negative charge on the 
side of the body is present, at pH 7.4, due to the carboxylic residue of Glu22. The 
most charged region of the protofibril is attributed to the Aβ tails containing the 
amino acids 1−16 [279]. According to Gregori et al. [279], at acidic pH it contains 
five positive charges, whilst at pH 7.4 it has four negative and two positive charges. 
The rest of the charges are buried inside the protofibril body and do not participate in 
the electrostatic interactions. Fibril formation can be regarded as the aggregation of 
protofibrils. 
Their lateral surfaces stick due to hydrophobic interaction among their bodies, 
leaving their charged hydrophilic tails outside. The fibril formation is favoured by 
low pH (pH 2), since there is no charge on the protofibril body surface [279]. 
At pH 7.4, the glutamic acid exposes its negative charge. In this case, these 
charges of the fibril body prevent the hydrophobic lateral interaction, leading to 
fragmentation of the already formed fibrils or preventing the formation of these 
elongated structures. This is a detailed analysis given by Gregori et al. [279] that can 
explain a random shape of aggregates at physiological pH and the long fibrils at 
acidic pH on hydrophilic mica.  
 
 
Figure 6.21: Qualitative sketch (not to scale) of 
Aβ protofibril structure at different pH values: at 
pH 2 it contains five positive charges, and at pH 
7.4 it contains four negative charges and two 
positive charges. Other charges are buried 
inside the protofibril body, and do not contribute 




6.4.4 Fibrils of Aβ42 formed on the glass upon dehydration 
 
The following experiment was performed in order to determine the changes in 
Aβ42 upon dehydration. The protein was diluted in pH 4.5 (25 mM acetic acid and 
sodium acetate was adjusted with 0.1 M HCl) to a final concentration 277 nM. After 
preparation, AFM imaging revealed an annular shape, as shown in Figure 6.22. The 














Figure 6.22: Annular structures of 277 nM Aβ42 at pH 4.5 (25mM acetic acid and sodium acetate was 
adjusted with 0.1M HCl) on glass substrate of a 10nm height. Image size: 4μm x 4µm (Bruker, DNP-
S). 
 
New AFM measurements were performed on the resulting dry sample of 
Figure 6.22. The sample was left to dry overnight under nitrogen and was imaged 24 
hours later. The images depict the coexistence of annular aggregates and fibrils. 
During the process of dehydration, the ionic strength will increase and the pH will 
decrease as the water evaporates. This has driven the loss of annular shape for some 
of the Aβ42 and the formation of some fibrillar structures. Figure 6.23 (a) depicts the 
dry fibrils surrounded by the annular Aβ42 domains. The yellow box highlights the 




























Figure 6.23: Dry Aβ42 fibrils prepared in pH 4.5 (25 mM acetic acid and sodium acetate adjusted 
with 0.1 M HCl). (a) Topographical image of dried Aβ42. Image size: 10μm x 10µm. (b) Zoom in the 
fibril area (yellow square of 3.12(a)). Image size: 2μm x 2µm (RTESPA, BRUKER). 
 
From the line analysis of Figure 6.23 (b), a range of fibril sizes exists from 
~2.73 nm to ~30.55 nm in the sample. The topographical image fails to illustrate the 
small fibrils well (green lines); thus, a phase-contrast image is presented in Figure 
6.24. There is no clear twisting here, which could be attributable to the change in pH 
from 4.5 to more acidic values during dehydration. 
Figure 6.24: Phase image of dry Aβ42 fibrils prepared 
in pH 4.5 (25 mM acetic acid and sodium acetate was 
adjusted with 0.1 M HCl). Image size: 2μm x 2µm 
(RTESPA, Bruker). 
 
Phase Image: Phase imaging goes beyond simple 
topographical mapping enabling the detection of 
variations in composition, adhesion, friction, and 
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The fibrils depicted in Figure 6.23 and Figure 6.24, do not show any twisting 
between the filaments, as the fibrils are made in the solution. On the contrary, they 
seem to consist of small spherical units that branch as they grow on the surface. This 
correlates with previous work of Blackley et al.[116] who reported the gradual 
growth of individual Aβ40 on mica instead of glass substrate, resulting in the bi-
directional growth of fibrils composed of aggregate units and filaments not twisted. 
This proposes that the tension of the Aβ40 to form twisted fibrils is impeded by the 
surfaces. We tentatively attribute this phenomenon to the fact that the amyloids have 
more degrees of freedom in a solution (e.g. rotational, translational), whereas on a 
surface the degrees of freedom are restrained. An energy-based explanation can also 
give answers to this incident. Once a peptide is bound on a surface, it is on an energy 
minimum that needs an energy input to overcome the energy well and change its 
structure. In addition, molecular dynamics simulations [285] indicate that for large 
oligomers or long fibrils, the folding of the chain into β-sheet structures is not 
possible; rather a folding into amorphous aggregates that are in dynamic equilibrium 
is more likely to happen.  
Maurstad et al. [286] have shown that the amyloid fibrils are permanently and 
irreversibly destabilised on dehydration. Water molecules are important for the 
stability of the “native” structure. It can change the relative strength of various 
interactions of the amyloid and affect its volume. Thus, control of the hydration of 
the sample is important to prevent any structural changes due to loss of water. Our 
observations are made using in vitro prepared amyloid fibrils. Consequently, it is 
possible that ex vivo amyloid could behave differently.  
In vitro amyloid fibrils are used in the majority of structural studies. 
Furthermore, as already explained in section 1.2, in vitro studies allow the 
determination of the initial conditions; consequently, our observation is still 
significant. These results can have important effects on future structural studies of 
Aβ. Despite our fibrils being formed on the substrate upon dehydration (not in 
solution) and our experiments being performed on glass coverslips at 10 times lower 
concentration than Maurstad et al. [286], the fibril formation is not prevented. The 
significance of our experiments is that the dehydration was on a sample of pH 4.5 
and that the amyloid was in an annular shape and gradually formed fibrils. 
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6.4.5  Substrate effect on aggregation: Glass vs mica effect on Aβ42 
at physiological pH 7.4 and acidic pH 2 at ambient 
temperature 
 
As suggested in 1.3.2, the substrate has an important effect on the amyloid 
aggregation and kinetics. Due to their hydrophobicity and the complex distribution of 
charges, amyloid oligomers can bind to many types of surfaces. Additionally, the 
charge and hydrophobicity of the surface will affect the structure and size of amyloid 
deposits, the surface coverage, as well as the fibril growth. 
Although it has been proven that the surface plays an important role in amyloid 
fibril formation, electrostatic interaction cannot be easily compared through the 
studies of various groups, as they are undertaken under varying experimental 
conditions (pH, temperature, ionic strength, concentration). To make a clear and 
accurate comparison these surface depositions should be compared under the same 
conditions. 
 




Fibrils were formed in acidic pH 2 (170 mM NaCl and 170 mM HCl) and kept 
for a month in a sealed vial at ambient temperature. 100 µl from the stock solution of 
0.3 mg/ml of Aβ42 was diluted in ultrapure water to a final concentration of 2 µM and 
kept for 8 days at ambient temperature. A part of this solution was placed in a glass 
dish and imaged under ultrapure water. 
Figure 6.25 (a) illustrates some Aβ42 fibrils surrounded by globular domains on 
a glass substrate. These structures do not seem to consist of twisted filaments but of 
bands of filaments (bundles) side by side. Thick fibrils were observed with no 
intertwined structure, as well as small oligomers which are about 13 nm ± 2 nm high. 
Another part of the same solution was tested on mica (Figure 6.25 (b)), revealing 
thinner and longer fibrils than the ones on glass and clearly demonstrating the 
profound effects of the different substrates on the fibril shape. For a clearer 
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comparison, Figure 6.25 (c) is a zoom of (b). The grey square reveals the area 
focused upon to produce Figure 6.25 (c). 
 
Figure 6.25: (a) Tapping-mode AFM topographic images of 2µM Aβ42 fibrils formed in acidic pH 2 
(170 mM NaCl and 170 mM HCl) as well as small globular oligomers on a glass substrate imaged 
under ultra-pure water . Image size: 4 µm × 4 µm. z-scale: 12.3 nm. (b) Aβ42 fibrils on hydrophilic 
mica substrate imaged under ultra-pure water. Image size: 4 µm × 4 μm. Height scale: 6.4 nm; the 
size of this image is the same as (a) and allows a direct comparison of lateral sizes between glass and 
mica. (c) A further digital focus on image (b); Aβ42 fibrils on hydrophilic mica substrate imaged under 
ultra-pure water. Image size: 1 µm × 1 μm. Height scale: 3.7 nm (Bruker, DNP-S). 
 
Contrary to the results on glass (Figure 6.25 (a)) the fibrils on mica (Figure 
6.25 (b)) do not show any evidence of lateral assembly. On the hydrophilic mica, the 
fibrils are some micrometres long and a few nanometres thin. The lack of intertwine 
structure could be attributed to the high salt concentration in which the sample was 
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kept as a stock solution. According to the findings of Admacik et al.[115] concerning 
β-lactoglobulin fibrils, at low ionic strength the electrostatic interactions are strong, 
leading to a high driving force of twisting that creates small pitches with a short 
hillock distance in between. High ionic strength leads to tilt relaxation and a 
progressing untwining. In aqueous buffers the Aβ42 aggregates and protofibrils are 
loosely associated with the mica substrate through electrostatic interactions. Some 
single aggregates of Aβ42 desorb from the mica surface during imaging while others 
move laterally, come together, and form a protofibril. 
These fibrils seem to assemble laterally creating lateral associated filaments. 
As shown by Wang et al. [287] AFM and scanning tunnelling microscopy (STM) 
revealed the lateral aggregation of Aβ42 on the hydrophobic graphite accompanied by 
small oligomers. 
The exact mechanism of adsorption of amyloid and its behaviour on different 
surfaces are not completely understood. However, one can suggest that the different 
amyloid aggregates originate from the different molecular conformations on mica 
and glass, because the glass coverslip is less hydrophilic than freshly cleaved mica. 
One should note that for both glass and mica in aqueous media, positive ions tend to 
dissociate from the surface and make them negatively charged [288]. Consequently, 


















For this experiment Aβ42 was treated with 1% (w/v) NH4OH, followed by 
dilution in PBS at pH 7.4 (170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM 
KH2PO4) to a concentration of 15 µM and 2 µM. In Figure 6.26 the images (a) and 
(b) reveal the aggregation of two samples on a glass substrate at concentrations 15 
µM and 2µM respectively. Figure 6.26 (c) and (d) depict the aggregation of the two 
different concentrations on freshly cleaved mica. The Aβ42 on mica forms amorphous 






























Figure 6.26: Topographical three-dimensional images of Aβ42 at pH 7.4 (170 mM NaCl, 3.4 mM KCl, 
4 mM Na2HPO4, 2.4 mM KH2PO4): (a) 15 µM of Aβ42 on glass, (b) 2µM of Aβ42 on glass, (c) 15 µM 
of Aβ42 on mica, (d) 2µM of Aβ42 on mica (Bruker, DNP-S). 
At 15 µM concentration At 2µM concentration 









In aqueous buffers the Aβ aggregates and protofibrils are loosely associated 
with the mica substrate through electrostatic interactions. Some single aggregates of 
Aβ desorb from the mica surface during imaging, while others move laterally, come 
together, and form a protofibril. 
Probably, the explanation of this different amyloid conformation on mica and 
glass originates from the fact that the glass (rough) coverslip is less hydrophilic 
compared to the flat hydrophilic mica, which results in a different behaviour of the 
protein; for the less hydrophilic substrate (glass), they form annular protofibrils, 
while for the highly hydrophilic mica they have a random shape. For both glass and 
mica in aqueous media, the positive ions tend to dissociate from the surface and 
make them negatively charged [289]. Consequently, the charge of the surface might 
not play any role in these incidents. 
All our studies involving Aβ42 interactions on lipid bilayers were performed on 
mica substrates. Freshly cleaved mica is a flat surface with very low roughness 
compared to a glass coverslip. Any fluctuations observed on the topography are due 






















6.4.6  Interaction of a planar lipid bilayer with Aβ42 
 
Finally, in this part of chapter 6, the effects of Aβ4 2 on planar lipid bilayers as 
well as on lipid vesicles are studied. Figure 6.27 illustrates a lipid bilayer consisting 
of two lipids: DOPC and DPPC. The light parts with a high topography belong to 
DPPC, while the dark areas belong to DOPC and are domains of lower height. The 
planar lipid bilayers consisting of equal molarities of 0.5mg/ml of DOPC:DPPC (1:1) 
were prepared using the L-B trough, with the topography of the lipid phase 
separation being measured. The height difference between the solid-ordered phase of 


















Figure 6.27: Topography of 0.5mg/ml of DOPC:DPPC (1:1) deposited on mica substrate using the L-
B technique. Image size: 5 μm x 5 μm (Bruker, DNP-S). 
 
After this imaging we added Aβ42 to achieve a ratio of lipid-to-peptide of 
1000:1, so that in the final sample consisted of 4nM peptide and 4μM lipids. The 
lipid domains became rearranged and reorganised after the peptide insertion, as can 
be seen in Figure 6.28. Aβ42 was treated with 1% (w/v) NH4OH, followed by 
dilution in PBS (170 mM NaCl, 3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) to 
a concentration of 4nM. 
Scanning the sample 3 hours later (Figure 6.28), the shape of the lipid phases 
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structural changes in the shape of the phases. Previous work [290] on lipid bilayers, 
has shown that Aβ induces vagueness at the domain boundaries, proposing that the 
Aβ prefers to insert between the two different phases.  
This might not be the same area of sample as in Figure 6.27. Lateral drift is an 
unavoidable artifact as our sample had to remain on the instrument for 3 hours; thus, 
we cannot be sure that the changes were on the initial area of the sample. The tapping 
mode topography image is not as clear as the phase image. In the topographic image 
of Figure 6.27, the dark colours are the LD phase structures of DOPC, while the light 
colours are the SO phase higher structures of DPPC. No protein aggregation is 
obvious from the AFM images. This could be attributed to the low peptide-to-lipid 













Figure 6.28: AFM tapping mode of DOPC:DPPC (1:1) deposited on mica substrate using the L-B 
technique 3 hours after the addition of 4nM Aβ42. (a) Topography and (b) phase image of the same 


















6.4.7  Interaction of lipid vesicles and Aβ42 
 
Atomic force microscopy images were acquired on lipid vesicles in order to 
study their behaviour. These lipid vesicles are multilamellar structures; thus, their 
phase separation is not distinct. It is interesting though to visualise their interactions 
towards Aβ42 insertion. 
Lipid multilamellar vesicles were prepared according to the method described 
before in section 5.4.1 using 0.5mg/ml of DPPC:DOPG:glc (10:1:100) using the 
gentle hydration method [231]. The lipid vesicles were bath-sonicated at 55°C for 2 
hours and left to cool at ambient temperature for 4 hours. Then, 50 µl was placed 
onto a mica substrate and left to stabilise for 5 minutes. Aβ42 was treated with 1% 
(w/v) NH4OH, followed by dilution in PBS (170 mM NaCl, 3.4 mM KCl, 4 mM 
Na2HPO4, 2.4 mM KH2PO4) to a final concentration of 44.3 µM. Figure 6.29 is a 















Figure 6.29: Topographic imaging of 0.5mg/ml of DPPC:DOPG:glc in pH 7.4 PBS (170 mM NaCl, 
3.4 mM KCl, 4 mM Na2HPO4, 2.4 mM KH2PO4) depicting the ruptured vesicles on mica substrate. 
Image size: 10 µm x 10 µm. 
 
Figure 6.29 reveals large (~1.5 μm) and also small lipid vesicles (~100 nm). 
The big ones have ruptured and lay on the mica substrate with a small curvature, 
while the small ones are either alone or attached on the top of them. 
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Our interest was focused on a curved vesicle of about 50 nm in height that 
seemed to be the most representative of the vesicles formed on the mica substrate. It 
was imaged before the insertion of Aβ42 (Figure 6.30 (a)). The measurement was 
repeated four times to assure that there were no changes because of the scanning tip. 
Afterwards, Aβ42 (44.3µM) was inserted in the sample, keeping a lipid-to-peptide 

















Figure 6.30: Topographic imaging of DPPC:DOPG:glc in pH 7.4 PBS (170 mM NaCl, 3.4 mM KCl, 
4 mM Na2HPO4, 2.4 mM KH2PO4) depicting (a) a ruptured vesicle. Image size: 3 µm x 3 µm. Height 
scale: 50 nm. (b) Lipid vesicle with Aβ42 (44.3 µM). Height scale: 22 nm. The yellow arrows may 
indicate the aggregates of the protein on the vesicle surface. Image size: 3 µm x 3 µm. 
 
The insertion of Aβ42 affects the shape and the size of the vesicle, but it is also 
possible that protein aggregation is promoted on the surface of the lipid vesicle, as 
depicted by Figure 6.30 (b). The lipid vesicles contain a small portion (10%) of 
negatively charged lipid (DOPG) which may interact with the charged Aβ42. It is 
more likely that the overall negative charge of the peptide reduces the level of 
insertion into the bilayers that contain anionic lipids (DOPG) under buffered saline 
conditions (pH 7.4) which is probably one of the reasons no pores were formed in 









6.5   CONCLUSIONS 
 
In conclusion, it has been shown that AFM is a valuable tool to investigate 
interactions that occur on the nanoscale. First of all, a correlation was shown between 
the gradual increase of cholesterol and the increase of the area of the liquid ordered 
lipid domains; in lipid monolayers consisting of DPPC:DOPC (1:1) with up to 30% 
concentration of cholesterol. This is ascribed to cholesterol’s role in promoting an 
increase in the orientation of the hydrocarbon chains of the liquid-disordered phase. 
The shape of these rafts is influenced by the surface pressure during the L-B film 
deposition as well as by the increase of temperature, especially above the miscibility 
temperature of the lipids. 
Furthermore, we tried to investigate the factors that control the aggregation 
path of the Aβ42. It forms annular oligomeric structures at pH 7.2 (20 mM Tris, 150 
mM NaCl adjusted by 0.1M HCl) between the aqueous buffer and the glass 
coverslip. At pH 4.5 (25 mM acetic acid and sodium acetate adjusted with 0.1 M 
HCl), it preserves its annular oligomeric structures. Once the sample of pH 4.5 is 
dehydrated by an overnight incubation under nitrogen, Aβ42 fibrils as well as annular 
oligomers may coexist. At acidic pH 2 (100 mM NaCl and 100 mM HCl), long Aβ42 
fibrils with twisted strands were formed in solution. At high ionic strength the 
intertwined structure is lost, while the Aβ42 forms bundles of protofilaments on the 
glass substrate. All these results prove the influence of ionic strength and pH on Aβ42 
aggregation. It is very important to study the aggregation of Aβ42 under different 
environmental conditions in vitro and show if the aggregation path can be reversed. 
This might give answers to many questions concerning the elucidation of Aβ42 
aggregation pathways. The significance of our experiments is also the fact that all 
experiments were done in very low amounts of Aβ42 (µM range) down to 200 nM, 
proving that the aggregation can still take place in this molar scale. 
Previous studies on mica substrates have shown that the amyloid fibrils break 
into fragments and adopt a random coil structure when the acidic pH shifts to 
physiologic values, pH 7.4 [279]. Our work is inspired by the research done by 
Gregori et al. [279], as the study starts from physiological conditions pH 7.4 and by 
shifting to lower pH, nucleation and fibril formation were observed. Our experiments 
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differ in that they are performed on a glass coverslip and not on mica, under liquid 
and not in air, and finally Aβ42 is pretreated with NH4OH [291] and not with HFIP. 
Our results reveal the crucial importance of the pH shifts and the ionic strength 
importance in Aβ42 fibril morphology. Furthermore, our images depict that the 
chemical buffer strongly influences the structure of Aβ42 aggregates, proposing that 
their morphology and structure do not remain static but are inclined to structural 
reorganisation. These results are important for the conclusions made on the factors 
that influence their aggregation and the stability of their structure that seems to 
depend on the final conditions such as pH and ionic strength. 
Finally, the interactions with the lipid bilayers depict the effect of Aβ42 on lipid 
bilayers. This depends on the concentration of Aβ42 as well as the composition of the 
lipid membrane. Most of the studies aim to observe the effects of Aβ42 at high 
concentrations (µM range) in order to reproduce the conditions found in brain tissues 
from AD sufferers [292, 293]. The physiologic concentration of the Aβ42 in the 
cerebrospinal fluid of healthy subjects is of the nanomolar range [294, 295]. 
Our effort is one of the first to report these changes in such a low peptide-to-
lipid ratio (1:1000). The final sample includes 4µM lipids and 4nM peptide. At pH 
7.4 the tails of Aβ42 are more negatively than positively charged, leaving the peptide 
with a net negative charge, as discussed previously (Figure 6.21). It is likely that it 
interacts more favourably with positively charged bilayers (that were not used for our 
study) than zwitterionic (PC) or negatively charged lipids (PG). It should be noted 
that despite the overall negative charge, there are positively charged residues that 
interact favourably with the anionic (PG) molecules or the zwitterionic ones (PC). 
These interactions have an effect on the changes in the shape of phase separated 
regions (Figure 6.28) or on the lipid vesicles’ structure (Figure 6.30 (b)). It is most 
likely that the detergent-like mechanism dominates during the interactions of the 



































7.1     SUMMARY OF THE THESIS 
 
This thesis presents the capabilities of advanced microscopy techniques for 
the investigation of Aβ42 aggregation and the associated morphological changes, 
under different chemical environments but also upon interaction with lipid bilayers. 
Overall, these techniques used have contributed to a study of Aβ42 aggregation states 
under both extreme and physiological conditions, as well as the interactions with 
lipid bilayers consisting of specific model lipid systems. 
Dynamic light scattering (DLS) revealed the effectiveness of pretreatment on 
Aβ42, which contributed to our further knowledge about the suitable pretreatment to 
follow during the rest of our experiments. The NH4OH and the TFA seem to be the 
most suitable pretreatments for the amyloid (section 3.3.3.1). For SANS experiments 
TFA was used [112, 143].  
According to SANS measurements, the Aβ42 inserts into the hydrophobic part 
in the lipid membrane, leading to thinning of the bilayer thickness. The change in the 
scattering density profile of the bilayer reveals the perturbation of the hydrophobic 
part caused by the protonated Aβ42 (Figure 3.12). This thinning may depend on the 
concentration of the peptide in the lipid bilayer. These experiments were performed 
on samples of multi-lamellar vesicles mixed with Aβ42 in a molar ratio (1.5:100 
amyloid-to-lipid molar ratio) deposited on a quartz substrate.  
CARS imaging was a quite challenging system to develop. It exploits two 
laser beams that must spatially and temporally overlap and be focused on the sample. 
The advantage is its capability for chemical identification of the sample by tuning the 
two laser beams to various frequencies (section 5.3.2). In addition, image acquisition 
time was a few minutes, which gave the advantage of fast imaging.  
For CARS experiments, lipid vesicles were prepared in TBS (according to 
section 5.4.1), with Aβ42 introduced later at a lower amyloid-to-lipid ratio (1:1000) 
than for the SANS experiments, and imaged in TBS buffer. The preparation of the 
samples sued for SANS (chapter 3) and those used for CARS experiments was 
different (Aβ42 pretreatment, different molar ratios): in SANS there was a thinning of 
the bilayer, while in CARS the breakage of the bilayer is observed.   
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The SANS technique demanded multi-layer samples, which were dried on the 
quartz and mounted in an aluminium container in controlled humidity (section 3.3.5). 
For CARS experiments, vesicular structures were more reliable to use in order to 
locate any changes on the lipid bilayer. Consequently, the requirements of each 
imaging technique define and limit the initial conditions of the experiments. 
Raman spectroscopy complemented the CARS imaging by providing spectral 
information of the lipids and the Aβ42 (section 4.4.1). In addition, Raman 
spectroscopy focused on amide I of Aβ42 in acidic pH 2 and pH 7.4 solutions (section 
4.4.3.1). The protein had undergone aggregation and contained a higher amount of β-
sheet structures at pH 2 than at pH 7.4. This agrees with the findings of chapter 6, 
concerning amyloid fibril imaging in acidic pH (Figure 6.19), even though the acidic 
buffers were not identical. The fresh sample at pH 7.4 is a mixture of moieties of 
mainly α-helical mode but also β-sheet and random coil in smaller amounts. 
AFM has been shown to be a valuable tool to investigate interactions that occur 
on the nanoscale. First of all, the gradual increase of cholesterol on lipid monolayers 
consisting of DPPC:DOPC (1:1) up to 30% concentration contributed to the increase 
of the area of the liquid-ordered lipid domains, as it increases the orientation of the 
hydrocarbon chains of the liquid-disordered phase. The shape of these rafts is 
determined by the surface pressure used during the L-B film deposition, as well as by 
the deposition temperature. AFM is the most suitable technique of all used in this 
project to perform imaging of the lipid phase. 
Furthermore, some of the factors that control the aggregation path of the Aβ42 
were investigated. Annular oligomeric structures at pH 7.2 (section 6.4.2) between 
the aqueous buffer and the glass coverslip were observed. These annular structures 
could be annular protofibrils according to the description given in section 1.2. At pH 
4.5 (25 mM acetic acid and sodium acetate adjusted with 0.1 M HCl), it preserves its 
annular oligomeric structures. Once the sample of pH 4.5 is dehydrated by an 
overnight incubation under nitrogen, amyloid fibrils as well as annular oligomers 
may coexist (Figure 6.23). At acidic pH 2 (100 mM NaCl and 100 mM HCl), long 
amyloid fibrils with twisted strands were formed in solution (Figure 6.19). This 
cannot be directly compared with the results in chapter 4 (section 4.4.3.1), but could 
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be complementary information concerning Aβ42 aggregation in non-physiological 
conditions. 
At pH 2 (170 mM NaCl and 170 mM HCl) (Figure 6.25) the intertwined 
structure is lost, while the Aβ42 forms bundles of protofilaments on the glass 
substrate. All these results may show the significance of ionic strength and pH on the 
Aβ42 aggregation. The significance of our experiments is also the fact that all 
experiments were done in low amounts of Aβ42 (µM range) down to 200 nM, proving 
that the aggregation can still take place in this molar scale. 
The results reveal the crucial importance of the pH shifts and the ionic strength 
in Aβ42 fibril morphology. This agrees with the conclusions of chapter 4. 
Furthermore, our images depict that the chemical buffer strongly influences the 
structure of Aβ42 aggregates, proposing that their morphology and structure do not 
remain static but are inclined to structural reorganisation. These results are important 
for the conclusions made on the factors that influence Aβ42 aggregation and the 
stability of their structure that seems to depend on the final conditions such as pH 
and ionic strength. 
Finally, the interactions of Aβ42 with the lipid bilayers Aβ42 depend on the 
concentration of Aβ42 as well as the composition of the lipid membrane. Herein is 
presented one of the first reports of these changes at low peptide-to-lipid ratio 
(1:1000). The final sample includes 4µM lipids and 4nM peptide. At pH 7.4 the tails 
of Aβ42 are more negatively than positively charged, leaving the peptide with a net 
negative charge, as discussed previously (Figure 6.21). It should be noted that 
despite the overall negative charge, there are positively charged residues that interact 
favourably with the anionic (PG) molecules or the zwitterionic ones (PC) and have as 
an effect the changes in the shape of the phase separated domains (Figure 6.28) or 
on the lipid vesicles’ structure (Figure 6.30 (b)).  
The diverging conclusions between chapter 3, chapter 5 and chapter 6 lie in the 
different sample preparation that is associated with the requirements of each 
technique. For SANS we required lipid multilayers and Aβ42/lipid mixture was 
deposited on quartz substrate. For AFM study in chapter 6, supported lipid bilayers 
were prepared with the Langmuir-Blodgett technique on mica substrates and the Aβ42 
was added after imaging on the pure lipid bilayer. The lipid multilamellar vesicles of 
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Figure 6.30 show a change in the shape and height of the vesicle. Meanwhile, the 
multilamellar vesicles of Figure 5.25 show a similar change in their shape after the 
addition of Aβ42, even though the buffer is different. In addition, Aβ42 was pretreated 
with TFA for SANS experiments and with NH4OH for all the rest; consequently, this 
is another factor that can result in a different effect on the lipid membranes.  
All the techniques used in this thesis give complementary information. SANS, 
due to its high-resolution capability, is able to measure any changes on the lipid 
bilayer thickness as well as on the insertion in the hydrophobic part of the Aβ42 in the 
lipid bilayer (Figure 3.12). AFM can reveal nanoscale information on the shape of 
Aβ42 by AFM (section 6.4.2), as well as on the phases of the lipid bilayers (section 
6.4.1.2) or the changes that the Aβ42 induces on them. Raman spectroscopy gave 
insight into the conformations of the Aβ42 (chapter 4) but also supported CARS 
experiments by identifying the spectra of the lipids and Aβ42 used (section 4.4.1). 
CARS and TPEF experiments revealed the three-dimensional shape of multilamellar 
and unilamellar vesicles (Figure 5.17, Figure 5.18, Figure 5.20), the effect of Aβ42 
on them (Figure 5.24, Figure 5.25) but also CARS revealed its capability to specify 
lipids of different chemical content (Figure 5.15, Figure 5.16). Overall, it can be 
suggested that no single technique could be regarded as the key solution for accurate 
investigation of amyloid-membrane interactions. The majority of published reports 
include several experimental techniques that complement and validate each other. 
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7.2   FINAL THOUGHTS AND FUTURE DIRECTIONS 
 
Artificial membranes are valuable biomimetic tools for the cell membrane, but 
the more components involved in their preparation, the more difficult it is to achieve 
a successful creation of either planar bilayers or lipid vesicles. Meanwhile, the choice 
of a complex membrane consisting of more than three different components (lipids, 
cholesterol), approaching the synthesis of a biological cell membrane, brings the 
experiments closer to physiology. Other biological systems that would attract the 
interest of the scientific society and could be associated with our study are mentioned 
below. 
 
 β-amyloid 43 (Aβ43) 
 
According to the latest news of the Fisher Centre for Alzheimer’s, another 
peptide, Aβ43 is found to be abundant in brains with Alzheimer’s disease, is more 
neurotoxic (RIKEN Brain Science in Tokyo) [296] and has been less researched in 
the past. This would be a good opportunity to study its conformational pathway of an 
amyloid, as well as its interaction with the lipid bilayers, and to point to new 
approaches for amyloidosis prevention. 
 
 Further CARS applications 
 
CARS is an effective tool for imaging brain tissues [297]. An Alzheimer’s 
diseased tissue of the brain could be imaged and compared with a healthy one by 
using CARS. Valuable structural and also chemical information could be obtained 
from the affected parts of the brain, and the amyloid deposits could be identified and 
localised. 
A more exciting application of CARS would be in in vitro studies of growing 
neurons. Healthy neurons and diseased neurons with high content of Aβ could be 
monitored in real-time by CARS and reveal their changes as well as the various 
aggregations of the amyloid.  
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A similar application in vivo could be performed on the nematode 
Caenorhabditis elegans [298], which is a worm of 1mm in length and 100μm in 
diameter that can serve as a model organism for the study of its neuronal behaviour 
[299]. Provided the essential neuronal processes and functions are highly conserved 
between C. elegans and vertebrates, such endeavours are expected to yield 
information relevant to humans. The structural features of C. elegans’ neuron 
degeneration are studied using second harmonic and third harmonic generation (SHG 
and THG) as well as TPEF microscopies [300-302]. It may be a useful system to 
validate alternative microscopy approaches or the study of neurodegenerative 
diseases.  
 
 Tip-enhanced optical microscopy 
 
Tip - enhanced optical microscopy is one of the most recent and promising 
imaging techniques that are under optimisation. It can provide images of ~10nm 
scale for several types of imaging: scattering light, fluorescence, Raman scattering, 
and CARS.  
The light scattered from a 10nm spot beneath a sharp tip can be significantly 
improved by the choice of tip materials and wavelengths. Enhancements in sample 
signal levels per square nanometre of order 108 have been observed by close 
proximity to a silver-coated AFM tip [303]. Measurements and finite-element 
simulations have defined the optimum tip materials and sizes as well as the suitable 
illumination wavelengths for all above modes of imaging [304]. One limitation of 
tip-enhanced optical techniques is the amount of power that can be focused on the tip 
apex. Despite the limitations, tip-enhanced optical microscopy has the potential to be 
evolved to a competitive imaging technique that breaks the diffraction limit, thereby 
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